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Abstract
The combustion of fossil fuel sources, crude oil, natural gas, and coal to meet the world’s energy
demand has contributed to the increased emissions of carbon dioxide and other harmful gases to the
environment. These negative contributions and their resulting impact on environmental conditions and
several reports of their peak production and eventual depletion have influenced the need for cleaner and
alternative energy production using renewable energy sources.
From the available renewable energy sources ranging from wind, solar, hydrothermal, geothermal,
and biomass, biomass is an attractive option because it is largely ubiquitous and a waste commodity that
can be converted to highly valuable transportation fuels. The organic fractions of municipal solid waste,
agricultural residue, and industrial waste generally originate from biomass. These organic fractions undergo
anaerobic decomposition to produce biogas or landfill gas.
Biogas contains methane and carbon dioxide, two important greenhouse gases contributing to the
already increasing greenhouse gas emissions if not utilized. Methane and carbon dioxide can be converted
to liquid hydrocarbons such as diesel, jet fuel, and gasoline using a two-step process consisting of dry
reforming followed by Fischer-Tropsch synthesis (FTS). Reforming reaction involves the adsorption of
massive heat amounts and takes place at high temperatures (> 800°C). This dissertation focuses on
developing catalytic materials to enable reforming reaction at significantly lower temperatures ( 400450℃).
To study the effect of the individual metal composition, several catalyst materials consisting of
ceria-zirconia (CZO) support, Pt (0.16wt%), Ni (0.67-2.68 wt%), and/or Mg (0.5-2.0 wt%) were prepared
using the incipient wetness method. These samples were characterized using powder X-ray diffraction. The
diffraction pattern obtained helped identify the presence of the cubic-fluorite phase of ceria-zirconia. The
characterization of the basicity using TPD-CO2 desorption studies indicated that Mg's addition created
x

additional basic sites on the catalyst samples; the CO2 desorption amount increased from 21 to 30 µmol of
CO2/gcat. The CH4 conversion and reducibility of the Pt-Ni-CZO samples increased with increasing Ni
content and. Increasing Mg amount resulted in a decrease in CH4 conversion but helped improve the H2:CO
ratio. The increase in basicity with Mg addition was confirmed by CO2-TPD FTIR studies which showed
the Pt-Mg-CZO sample having stronger carbonate bands at higher temperatures in comparison to the PtNi-CZO sample. The detection of coke (5.5 X 10-4 g/gcat.h) over the 0.16wt%Pt-2.7wt%Ni-CZO and its
absence with the addition of Mg reveal that both Ni and Mg need to be incorporated into the catalyst
formulation to obtain a balance between catalyst activity, selectivity, and stability.
In other to study the influence of the metal impregnation strategy method on catalyst performance,
a set of reforming catalysts containing Pt (0.16 wt%), Ni (2.7wt%), and/or Mg (0.50wt%) supported on
ceria-zirconia (CZO) were synthesized using coimpregnation and sequential impregnation methods. These
sets of catalysts samples collectively denoted as Pt-Ni-CZO and Pt-Mg-CZO samples were characterized
using powder X-ray diffraction (PXRD) which indicated the presence of the cubic-fluorite structure of the
mixed oxide (ceria-zirconia). The results from PXRD were corroborated by the Raman spectra, which
presented a band for the F2g vibration of the fluorite lattice of ceria. Temperature-programmed reduction
results indicated a difference in the reduction temperature of the metal oxides arising from different degrees
of metal-support interaction. FTIR spectra presented bands of different intensities belonging to carbonates
and formates. Steady-state dry reforming tests indicated differences in catalyst activities with the CH 4
conversion rate at 470 ℃ being between 10.2-10.9 µmol/gcat.s for the Pt-Ni samples and between 0.9 - 1.6
µmol/gcat.s for the Pt-Mg samples. The CH4 apparent activation energies of the Pt-Mg were ranged between
30.7-38.4 kcal/mol, and that of the Pt-Ni samples ranged from 29.1-37.7 kcal/mol. This work provides
information on how the metal-metal interactions and metal deposition method could impact the catalyst
performance.
For the development of cost-effective low-temperature reforming catalysts, a series of supported
non-noble metals were synthesized using co-precipitation and co-impregnation. These samples were a
series of Pt-Fe-Mg-CZO and Ni-Co-Ng-CZO. These samples have been characterized using PXRD and
xi

temperature-programmed reduction experiments. The addition of Pt to monometallic 1.4wtFe-1.0Mg-CZO
led to a reduction in the reduction temperature of the surface ceria. However, increasing the Fe content to
5wt % led to a decrease in the reactants’ conversion temperatures, this could be an indication of
encapsulation of the Pt with Fe and that the catalyst surface resembles that of an unpromoted Fe-Mg-sample
with an increasing no of Fe atoms.
In a continued effort to reduce material formulation cost without compromising performance, we
sought a less expensive metal to replace Pt. A series of Ni (1.4wt%)-Mg (1.0wt%)-Ce0.6Zr0.4O2(CZO)
samples promoted with Ru (0.16-0.32 wt%) were synthesized using the incipient wetness method. The
catalysts' reducibility was found to increase with increasing Ru content, and the low reduction temperatures
were between 163 and 205 ℃. N2 physisorption analysis revealed the materials were mesoporous with a
specific surface area between 29.1 and 42 m2/g. In-situ CO DRIFTS measurements presented bands for
linear CO adsorption on Ru metal and carbonates and formates. The activity of the materials for dryreforming was evaluated using temperature-programmed and steady-state experiments. The reactants’
conversions increased with increasing Ru loading. Changes in conversion rates and apparent activation
energies were observed by increasing the reduction temperature from 300 to 400 ℃. The 0.16Ru/CZO
sample was found to be stable after a 10 h TOS study with no decrease in activity and no coke formation
was detected.
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Chapter 1: Introduction
Energy is an essential commodity needed by humankind for its survival and economic
development; it is required for several applications in the four end-use sectors: electric power, residential,
commercial, industrial, and transportation [1]. It doesn’t appear that there will be a slowing down of its
demand and utilization [2] as an estimated 50 % increase in the world’s energy demand between 2018 and
20150 was projected by the was predicted by the U.S. Energy Information Administration (EIA) [3].
Considering that a large fraction of the world's energy demand is currently being met by nonrenewable fossil fuels such as coal, natural gas, and petroleum [4], it can be deduced that there would be a
subsequent increase in carbon dioxide (CO2) emissions as a result of continued combustion of these fossil
fuels [5] [6]. The presence of CO2 and methane (CH4), a significant component of natural gas, in the
atmosphere has been linked to the earth's warming [7, 8]. Other changes attributed to these two greenhouse
gases include sea-level changes, ocean acidification, and heat wave patterns [9]. These unfavorable and
undesired changes emanating from fossil fuel utilization and reports of the exhaustible amounts and
eventual depletion of these non-renewable energy resources (Giles 2004) [10] have fueled research studies
on energy production from alternative, cleaner, and renewable energy sources and several countries have
reported the benefits of switching to cleaner energy sources [2].
The primary renewable energy resources utilized to date consist of hydropower, geothermal, solar,
biomass (municipal solid waste (MSW) in landfills, wood and wood waste, and biogas, ethanol, and
biodiesel), marine, and wind. Despite the ample amount of these energy resources, only a small portion of
the energy usage is from their utilization [11]. According to data provided by the United States Energy
Information Administration (US EIA 2019), only 11.4 % of the total primary energy consumption was from
renewable energy sources[12]. The largest energy consumption in the U.S was by the electric power sector
(37.1 %), and the second-largest consumption was by the transportation sector (28.2 %) [13]. About 17 %
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of the electricity generated in the U.S was from renewables, with wind providing the highest of about 6.6
%, followed very closely by hydro generating 6.6 %, and the second-lowest renewable electricity generation
was from biomass, which was 1.4 % [14]. The low utilization of renewables was also observed in the
transportation sector, with only 5 % being renewables and less than 1 % from biomass[15].
Despite the touted benefits of and a vast abundance of renewables, there is still a long way to replace
fossil fuels with renewable energy sources, particularly in energy production for utilization in the
transportation sector. The production of alternative energy for utilization in the transportation sector should
be of utmost priority, considering that this sector utilizes about 70 % of U.S petroleum sources. A part of
the transportation sector's energy consumption is transportation fuels such as gasoline (aviation gasoline
and motor gasoline), diesel fuel, jet fuel used for powering automobiles, buses, aircraft, ships, etc. Some
progress has been recorded in using renewable energy resources for electricity production due to the
commercial competitiveness of its associated costs with those of fossil fuels [16]. The low utilization of
renewables for liquid fuel production can be attributed to unfavorable stand-alone economics, the absence
of processing plants and infrastructures, and low-cost competitiveness with fossil fuel-based liquid
hydrocarbon production [10].
Considering the wide availability of biomass, it is a viable source for producing renewable-based
transportation fuels (renewable diesel and renewable gasoline). It is an excellent avenue to convert cheap,
free, and waste commodities to something valuable to humankind and help diminish the consequences of
crude oil price volatility [17]. In addition to producing an essential commodity, the production of liquid
fuels from waste can help reduce the greenhouse gas contributions from biomass (MSW landfills,
agricultural waste, industrial waste landfills) and associated cost of disposing of MSW due to reduction in
available land resources [18]. The biodegradable organic portion of biomass undergoes anaerobic digestion
and generates what is commonly known as biogas or landfill gas[19]. Biogas is composed primarily of
methane (55-60 %); the primary energy content, carbon dioxide, and gases such as water, hydrogen sulfide,
siloxanes, and ammonia in smaller quantities [20, 21].
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Liquid hydrocarbons can be indirectly produced from biogas using a combination of reforming and
Fischer Tropsch Synthesis (FTS). However, before biogas conversion through reforming can occur, it must
undergo several pretreatment processes that could involve the use of option technologies such as pressure
swing adsorption, water scrubbing, cryogenic separation, biologic removal to remove impurities that can
lead to equipment breakdowns and production problems and improve its calorific value [22].
The reforming process involves a reaction between methane and an oxidizing agent to generate
syngas, a mixture of hydrogen and carbon monoxide. The ratio of syngas varies depending on the reforming
feed composition. Syngas with a hydrogen to carbon monoxide ratio of 3:1 is produced following a reaction
of methane and steam in steam reforming (equation 1), while a syngas composition of hydrogen to carbon
monoxide ratio of 1 is produced via dry reforming (equation 2). Partial-oxidation, which involves oxygen
addition, can also convert biogas sourced methane to syngas (equation 3).
CH4 + H2O ↔ 3H2 +CO (ΔHº298K = +206.3 kJ/mol)

(1.1)

CH4 + CO2 ↔ 2H2 +2CO (ΔHº298K = +247.3 kJ/mol)

(1.2)

CH4 + 1/2O2 ↔ CO +2H2 (ΔHº298K = -35.6 kJ/mol)

(1.3)

There are both advantages to using each of the reactions mentioned above for biogas conversion;
for instance, the syngas from dry reforming reaction contains hydrogen and carbon monoxide in a ratio
desired to produce long-chain hydrocarbons via Fischer-Tropsch synthesis [23]. On the downside, it suffers
severely from coking. Coking is undesired because it deactivates catalysts and reduces their lifetime and
can lead to pressure build-up in the reactor system. Although steam reforming does not suffer from coking
to the same extent as dry reforming due to the presence of steam and higher H/C that helps to reduce coke
formation, it has the disadvantage of the production of hydrogen to carbon dioxide in a ratio greater than
that desired for the FTS and other gas to liquid (GTL) technologies (H2/CO=3) [24, 25]. One way to harness
the various reforming processes' combined benefits is to carry out a bi-reforming (equation 4) or trireforming reaction (equation 5). Bi-reforming reaction is a combination of both steam and dry reforming,
while tri-reforming is a combination of steam reforming, dry reforming, and partial oxidation[26]. Trireforming is more energy efficient because the heat needed for dry reforming and steam reforming due to
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the endothermic nature of their reactions is provided by the presence of oxygen[25, 27, 28]. The desired
syngas ratio can be obtained from bi-reforming and tri-reforming by selectively changing the feed reactants'
molar ratios [28]. The presence of an additional oxidizing agent in combined reforming also helps to reduce
the coking rate. Although partial oxidation produces s desired syngas ratio (H2/CO=2), the expensive nature
of pure oxygen production [29] decreases the cost-effectiveness of the process, and the generation of hot
spots on the catalyst as a result of its exothermic nature makes it unfavorable [30]
3CH4 + CO2 + 2H2O ↔ 4CO +8H2 (ΔHº298K = 219.6 kJ/mol)

(1.5)

0.78CH4 + 0.22CO2 + 0.44H2O + 0.06O2 ↔ CO +2H2

(1.6)

Following the above discussions on the benefits of the currently available reforming technologies,
discussions on the need to reduce greenhouse gas emissions and the viability of biogas, which contains an
almost equal amount of methane and carbon dioxide, as a suitable renewable energy source, the most logical
reforming application for the biogas conversion is dry reforming. Although as earlier stated, carbon
deposition is a significant problem for dry reforming. There is still hope for its progress as an avenue for
converting biogas to value-added chemicals if a suitable catalyst can be developed. The continued interest
in dry reforming is due to the practicability of converting two greenhouse gases (methane and carbon
dioxide) therefore reducing their emissions to the environment and preventing a fallback of their
environmental presence [31, 32]. CO2 separation from biogas using any available technologies ranging
from adsorption with water, adsorption with polyethylene glycol, cryogenic separation, membrane
technology, pressure swing adsorption (PSA), etc., can be an expensive investment and operation[22]. The
economic viability of dry reforming resulting from not requiring prior CO2 removal is an added advantage
[28]. The dry reforming application's full potential cannot be harnessed until the associated coking problems
have been addressed, and coking has also prevented its application on an industrial scale [23, 33]. The
carbon formed during dry reforming is formed primarily by the below equations 7 & 8 (methane
decomposition, Boudouard reaction), and the coke formation reaction in play is influenced by the
temperature condition of the dry reforming reaction. Owing to its endothermicity, methane decomposition
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occurs at high temperatures (greater than 700 ℃) [28] while the Boudouard reaction is favored at lower
temperatures (below 700 ℃) [34] [35, 36]
CH4 ⇋ C+ 2H2

(ΔHº = 74.9 kJ/mol CH4)

2CO⇋C + CO2

(ΔHº = -172.4 kJ/mol CH4)

Methane decomposition
Boudouard reaction

(1.7)
(1.8)

Other side reactions that occur during dry reforming and that can be responsible for carbon
formation include carbon dioxide hydrogenation and carbon monoxide hydrogenation [37]. These two are
exothermic similar to the Boudouard reaction and are favored at lower temperatures (below 527 ℃). Also,
just like the other reforming reactions, the dry reforming reaction is a highly endothermic reaction that
requires significant energy input for reactants’ conversion, and it has also been reported to be more
endothermic than other reforming applications [33, 38]. Dry reforming's endothermic nature means it
requires a huge amount of energy for high conversions of methane and carbon dioxide to syngas (carbon
monoxide and hydrogen)[27, 39]. This high-temperature condition and the high stability of carbon dioxide
than other oxidants applied in other reforming processes are partly responsible for the carbon deposition
that occurs during dry reforming [33]. Therefore, there is a pressing need to develop highly efficient
catalysts that can help reduce the dry reforming reaction's energy requirement and withstand the coking
condition of the reaction. These efficient catalysts need to retain their catalytic activity for a prolonged
period without sintering or particle aggregation. Dry reforming is chosen as a reference application for
developing high performing catalyst (in terms of improved activity and stability) because it has the highest
propensity to coke formation [40]. Therefore, any such successfully developed catalyst for dry reforming
can be easily applied to the other less energy-intensive, lower carbon-formation prone reforming
applications [41].
The syngas (hydrogen and carbon monoxide) produced through dry reforming can later be
converted to liquid hydrocarbons and oxygenates using the Fischer Tropsch Synthesis (FTS) [42, 43]. FTS
is an exothermic reaction that typically occurs at temperatures between 190 -350 ℃ and at elevated
pressures of 20-45 bar[44]. The upper limit of the FTS is around 425 ℃ [45]. These reaction conditions
contrast with the endothermic and low-pressure conditions of dry reforming. It is proposed that direct
5

conversion of biogas to liquid conversions can be made possible if there is a catalyst system that can operate
within the upper limits of the FTS and the lower limits of the dry reforming reaction. This implies a singlestage conversion of biogas in one reactor unit, involving a combination of high-temperature FTS and lowtemperature dry reforming catalyst components. The work highlighted in this study is focused on the design,
preparation, characterization, and testing of a couple of low to medium temperature reforming catalyst
systems, which can be further applied to intensified biogas conversion to liquid fuels in future studies
beyond the scope of this current project.
1.1 Dry Reforming Catalyst System
1.1.1 Support Materials
The catalysts employed for dry reforming experiments are typically supported-metal systems
consisting of support or carrier materials containing metals deposited on their surface or into their
structures. Choosing the best support material is critical to developing an efficient catalyst material [46].
The idea that the interaction between metals and support plays a crucial role in catalyst activity has been
widely reported by various authors [47, 48].
There are a variety of oxide materials selected as supports for reforming. They include alumina
(Al2O3) [36, 49, 50], silica (SiO2) [51], ceria (CeO2) [52], MgO [53], TiO2 [54], La2O3 [55-57], ZrO2 [5860] and BaO [53]. Several properties such as surface area, thermal stability, oxygen storage capacity,
textural and chemical properties, surface area, and porosity are crucial factors in choosing a particular
support material [33, 46, 61]. These properties are critical to the support’s function of separating and
dispersing the active metals, reduce or eliminate carbon deposition, and enhance the reduction of active
metals. Support materials can be inert or neutral and play no role in the activation of the reactants. Inert
support materials are porous materials that improve the catalyst samples' textural properties by providing a
high surface area to enhance the active metals' dispersion [46, 62]. Support materials also help to prevent
metal sintering [63]. A class of support materials that have gained recognition in dry reforming are reducible
supports such as CeO2, TiO2, La2O3 [46, 64], and this is because they react with the active metal components
through a phenomenon referred to as strong metal-support interaction (SMSI).
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SMSI involves the partial reduction of the support in close proximity with the metal particles,
thereby leading to the decoration of the metal atoms with the resulting mobile lattice oxygen species [58,
65]. The interaction between these reducible oxides and the active metals can help reduce carbon formation
[55, 66] and influence the metal's particle size, dispersion, and electron-donating ability is controlled by an
interaction between the metal and support [67, 68]. In addition to the typical metal oxide supports, there are
also crystalline oxide materials such as pyrochlores [69-71] and perovskite[72-74] and carbon materials
that are also used as supports. Crystalline oxide materials such as pyrochlores (A2B2O7) and perovskites
(ABO3) are another group of materials that have been used as support materials for reforming materials
because of their ability to retain stability under the high-temperature conditions of dry reforming [69, 71]
[75].
Mixed oxides formed from a solid solution of two different oxides have also been used for dry
reforming due to improvements from their synergistic effect. Examples include ZrO2-SiO2[76], La2O3-ZrO2
[77], MgAl2O4 [78], MgO-ZrO2 [79], SiO2–Al2O3 [48], CeO2-Al2O3 [80, 81], TiO2-Al2O3 [82] and ZrO2–
Al2O3[83]. In this dissertation work, a mixed ceria-zirconia support (Ce0.6 Zr0.4O2) of ceria:zirconia in a
0.6:0.4 was used, and this selection was based on results of improved performance of this ratio by Walker
et al [84]. Ceria has been widely used as a carrier material because it possesses high storage and
concentration of very mobile oxygen vacancies, and it can store and release these huge amounts of oxygen
during redox reactions. [85-88]. Zirconia on its own is hardly as reducible as ceria, however, it does possess
good carrier properties ranging from the ability to reduce and oxidize [79], high ionic conductivity and
thermal stability owing to its ability to readily for defects and surface oxygen species [47]. Having a mixed
oxide of both ceria and zirconia support material is better than the individual supports, the mixed-oxide has
improved thermal stability oxygen storage/release capacity [89, 90].
There are various methods for the preparation of support materials. Single oxide support materials
are commonly prepared by precipitation of the nitrate precursor of the metal oxide with ammonium nitrate,
calcination of hydroxide precursors (salt) [89], boehmite synthesis [91], and hydrothermal synthesis [92].
Mixed oxides can be prepared using the deposition-precipitation method. The deposition-precipitation
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process involves the precipitation of one oxide material in another's colloidal solution [76]. Other methods
of preparing mixed-oxide support include the plasma method [48], hydrothermal synthesis [93], coprecipitation of nitrates of the metal oxide precursors [94, 95], firing of the acetates [94], mechanical mixing
[96], impregnation of one of oxide salt upon another [79, 89], sol-gel method [95], supercritical synthesis
method [93], firing in air of the oxide mixtures [90]Polymerization method [47], glycothermal method [97],
Urea hydrolysis [77], solid-state reaction [98], high energy milling [99], citrate complex method [100] and
combustion synthesis [101]. The mixed oxide ceria-zirconia support used in this study were prepared using
the co-precipitation method, and a detailed procedure has been provided accordingly in chapters 2, 3, 4 &
5.
1.1.2 Transition Metals
The active metals used in supported-metal catalysts can impact the catalytic performance [33].
Those typically employed in dry reforming reactions are transition non-noble metals and the transition
noble metal also referred to as platinum group metals.
1.1.2.1 Transition Non-noble Metals
Nickel (Ni)[102-104], iron (Fe) [36, 105], cobalt (Co) [59, 106, 107] and copper (Cu)[105, 108,
109] are the most studied non-noble metals for the dry reforming reaction. These metals are commonly
available and are inexpensive in comparison to platinum group metals. They are also not as stable as nonnoble metals and deactivate rapidly under dry reforming conditions. Ni is the most preferred non-noble
metal for dry reforming because it is relatively cheap, readily available, and has a comparable reforming
activity to the platinum group metals[30, 64]. Ni is disadvantaged as a reforming metal in catalyst stability
because it deactivates as a result of sintering and carbon deposition [72, 79, 110].
Cobalt is the second most utilized non-noble metal for dry reforming; it is also inexpensive in
comparison to noble metals and readily available and has been reported to have a considerable reforming
activity albeit lower than that of nickel [106, 111]. Zhang et al[106] also suggested a difference in carbon
deposition mechanism between Ni and Co, with Co generating more carbon deposits than Ni[112, 113].
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During the dry reforming reaction, Co metal's re-oxidation is another problem encountered when using
supported-Co samples[112].
There are fewer reports on the use of Fe and Cu metals as active metals for dry reforming and this
may be due to their low activity and stability [36, 105, 114]. Notwithstanding the current unfavorable
reports of Fe's activity and stability in dry reforming conditions, more research efforts on improving
supported Fe catalysts should be conducted because it is considerably cheaper than Ni and ubiquitous [36]
[115]
1.1.2.2 Transition Noble Metals
Noble metals such as Platinum (Pt)[116], Palladium (Pd), Ruthenium (Ru)[57], Rhodium (Rh)[117,
118], Iridium (Ir) are the second group of transition metals that have been widely used as active metals in
dry reforming reactions. Erdohelyi et al [119] studied CH4 activation in dry reforming experiment using a
series of supported Rh samples (Rh/Al2O3, Rh/TiO2, Rh/SiO2, Rh/MgO). They reported that the support
material strongly influenced the Rh activity. Ferreira et al [120] performed a kinetic study of the carbon
dioxide reforming of methane over supported Ru Catalysts and Connor et al [121] carried out transient
studies of carbon dioxide reforming of methane over Pt/ZrO2 and Pt/Al2O3 catalysts
Supported noble metals generally have a higher activity[122, 123] than non-noble metals and also
have a lower propensity for carbon deposition[57, 124]. However, their high costs and low abundance have
discouraged their use on a larger scale. Due to their good catalytic properties, noble metals are now used as
promoters or additives with other active metals. The potential to disperse on support materials and keep
small particles size exhibited by noble metals is responsible for the dissimilarity between their performance
in comparison to other transition metals [33]. Pakhare and Spivey [125] wrote a review paper on CO2
reforming of methane over noble metal catalysts in which they provided quite an extensive table on some
of the supported noble metals that have used till 2014, information on the role of support, promoters, and
synthesis procedure on catalyst activity.
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1.1.3 Bimetallic Samples and Role of Active Metals/Promoters
As earlier mentioned, supported Ni are prone to deactivation either by sintering or coke formation
and not as readily reducible as noble metals. To improve supported-nickel catalyst systems, additional
metals commonly referred to as promoters are usually introduced. These promoters can be taking on a
structural improvement role in which they help to improve the stability of the catalyst system against
sintering and or could help chemically promote the catalyst by enhancing the dissociation of the reactants,
thereby increasing the catalytic activity [64, 104, 126-128]. The most common promoters used for dry
reforming reaction include La2O3, CeO2 [87], Na, Li2O, K2O, MgO, Ca[111, 122]. Castro Luna et al[103]
studied the effect of K, Sn, Mn, and Ca promoters on the performance of Ni-Al2O3 dry reforming catalysts.
The addition of these promoters led to both a reduction in catalytic activity and carbon deposition. An
opposite trend of increase in catalytic activity with the addition of small amounts of Ca and increased carbon
deposition over Ni-α-Al2O3 dry reforming catalysts observed in the study by Hou et al[122] confirm that
the effect of the addition of promotions is also dependent on the support material used and the promoter
loading amount. Sutthiumporn and Kawi [127] studied the promotional effect of alkaline earth metals (Mg,
Ca, and Sr) over Ni-La2O3 catalyst for dry reforming experiments. They reported that the highest activity
and lowest amount of carbon formation were observed on the Sr-doped Ni-La2O3. This is due to the
presence of a high amount of lattice oxygen species on the catalyst surface that partake in C-H activation.
In general, they observed that alkaline metals' addition helped improve the O2 adsorption/desorption ability
of the La2O3 support. The results obtained from the effect of the addition of promoters indicate that the
addition of promoters affects the metal-support interaction[64], the occurrence of redox reaction at the
active metal-promoters interface[64], and electron transfer from promoters to the active metal[64].
Another approach to improving the performance of transition metal-based dry reforming catalyst
samples is using bimetallic catalyst systems. Bimetallic catalysts have been reported to show superior
performance in comparison to the monometallic ones [129]. The superior performance (i.e., increased
resistance to carbon deposition) is because of the two active metal components' alloy formation[130]. The
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addition of a second metal could enhance the redox property[123], metal sintering, loss of active sites,
increase oxygen mobility and resistance to carbon formation.
Bimetallic catalyst systems can be a combination of noble metals (these are rare because of the cost
implications of using two noble metal components)[131, 132], two transition non-noble metals; Ni-Co [52,
107, 112, 133, 134], Ni-Cu[108], Ni-Fe[135] or both noble and non-noble metals (Pt-Ni [129]. A couple of
researchers have authored review articles on the use of bimetallic catalysts for dry reforming reactions; the
review paper by Bian et al[136] provided a summary and evaluation of Ni-based bimetallic catalysts for the
dry reforming reaction.
A comprehensive study of non-noble metal-based bimetallic samples, commonly consisting of NiCo, Ni-Fe, and Ni-Cu alloys have been presented in the literature. These combinations are practical and
more economical because of the low cost and abundance of these metals. Fe and Cu are not as efficient as
stand-alone active metals but using them in combination with Ni has increased their utilization in reforming
applications. Preparing bimetallic samples in which only a small amount of noble metals are used in
addition to non-noble transition metals allows for the creation of efficient cost catalyst systems that have
the beneficial properties of increased catalyst activity and reduced carbon deposition exhibited by noble
metals without hitting high on the cost sides[118]. The promotion of metals like Ni, Co, and Fe with noble
metals has resulted in their easier reduction[137], improved resistance to carbon deposition, and improved
catalytic activity[138].
1.2 Metal Deposition Methods/Preparation of Supported Metals
The method of incorporating the active metals or promoters onto the support surface is another
parameter that can influence the catalytic activity [139], particle size [140]and it can affect the extent of
interaction with the metal and support and metal-metal interactions in bimetallic catalyst systems. Some of
the methods that have been employed for the preparation of supported-metal catalysts include impregnation,
strong electrostatic adsorption, co-precipitation, deposition-precipitation[84], chemical vapor, and atomic
layer deposition.
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Strong electrostatic adsorption (SEA) is a metal deposition method that follows the principle of
electrostatic adsorption, and the objective of this deposition method is to determine the strongest
electrostatic interactions between the metal precursor and the support [141]. This is achieved by depositing
a metal solution of different acidity as a function of the point of zero charge (PCZ) of the support material.
At various pH points of metal precursor solution, the support material can either get protonated or
deprotonated. The adsorption of oppositely charged metal complexes at the pH point of strongest interaction
helps the formation of a monolayer of metal deposition, generating well-dispersed particles after catalyst
reduction [142, 143].
Co-precipitation involves mixing the support material's salts and the active metals/promoters under
stirring and precipitating the resulting mixture with hydroxide or carbonate. The precipitate is later washed
to remove excess nitrates or chloride ions and finally calcined to get the catalysts in an oxide form [144].
Deposition precipitation involves the precipitation of the active metal salts on the support material's surface
using a carbonate solution[145, 146].
Atomic layer deposition involves a repetitive metal deposition process that consists of a series of
repeating the insertion of the gas-phase inorganic metal precursor into a solid surface of the support in a
reactor (enabling self-terminating surface reactions between them), the purging of the non-reacting or
physically adsorbed precursor is then purged out of the reactor, the insertion of a secondary metal precursor
and purging of the unabsorbed secondary reagent [147-149].
Chemical vapor deposition [139, 150, 151] is somewhat similar to the ALD method. In this method,
metal nanoparticles are incorporated into preformed mesoporous supporting materials, and the method
scheme is described in [148]. Unlike ALD, the process of fabrication, operation, and maintenance of
equipment is more straightforward, but a downside is the clogging of the apertures of the pores of the
support materials non-conformal coating of the metal precursors [148]
Impregnation is the most widely used because it is simple to perform, generates low waste, and is
the least expensive method of preparing supported metal catalysts [143, 152]. It involves adding an aqueous
solution of the metal precursor salts (commonly prepared with water as the solvent) in a dropwise manner
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to fill the pores of the support [126]. The impregnation method can be performed to incipient wetness,
otherwise known as dry impregnation, wet impregnation, or with the addition of a surfactant (surfactantassisted impregnation). Incipient wetness involves ensuring that only the support's pores are filled with the
metal salt solution and prevents the metal oxides' deposition on the catalyst's surface during impregnation
and subsequent drying [152]. Wet impregnation involves depositing an excess amount of the metal salt
solution onto the support material. The impregnated material from dry impregnation looks dry on a
macroscopic scale, while that from wet impregnation looks like a slurry. Surfactant-assisted
impregnation[79, 124] involves the addition of surfactants, commonly cethyltrimethylammonium bromide,
(CTAB), P123, sodium dodecyl sulfate to an aqueous solution of the metal salt precursor.
The influence of the metal deposition method becomes more apparent when preparing bimetallic
systems, the metals could be deposited together at once on the support surface (co-deposition/coimpregnation), or they could be deposited individually (sequential deposition/impregnation)[39, 129, 153].
This difference in the metal deposition method could lead to alloy formation, phase segregation, or metal
encapsulation or covering [152]. Alloy type bimetallic catalysts are typically obtained with coimpregnation, while a core-shell type catalyst system is obtained using sequential impregnation [154]. The
level of miscibility between the metals in the bimetallic catalyst system can also influence either an alloy
formation or intermetallic compounds[154]. The supported-metal catalysts used in this work were prepared
using the incipient wetness method, and the effect of changing the sequence of metal impregnation was also
studied; the results obtained are presented in chapter 3.
1.3 Material Characterization
Sample characterization is vital in developing supported-metal catalysts because it helps obtain
relevant information on the catalyst materials' structural and physicochemical properties. Sample
characterization can be conducted on fresh catalysts, working catalysts (in-situ), and spent catalysts. Fresh
sample characterization is generally done to ascertain the catalysts' correct synthesis by confirming if the
measured properties are in conformance with those previously synthesized (i.e., checking of
reproducibility). Characterization of working catalysts helps study the interaction between the catalyst
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surface and the reactant and product gas molecules and spent catalyst’s characterization to evaluate the
catalyst stability and changes to its structure post-reaction.
The structural and physicochemical properties of catalyst materials play a role in their reactivity.
The commonly characterized material properties include particle size, density, pore-volume, pore size, BET
surface area, active site concentration (catalytic surface area), and dispersion [155]. The results obtained
from various characterization techniques can help draw a relationship between the catalyst's structure and
its reactivity [63]. The characterization techniques performed and whose results are included in this
dissertation are listed below:
1.3.1 Powder X-ray Diffraction (PXRD)
During PXRD analysis X-ray source from an X-ray tube is directed onto the sample at an incident
angle that is half that of the detector angle 2Θ. The XRD operation is governed by Bragg’s Law.
The diffraction pattern generate is a plot of the photon intensity against the detector angle (2Θ). This plot
is used to obtain information on the catalyst material's composition, crystallinity, and phase structure. This
is done by comparing the obtained diffraction pattern data to the patterns available in a database. It is also
used for phase identification and particle size estimation. Average crystalline size estimation from line
broadening is done using the Scherrer equation (equation1.9).
𝐾𝜆

𝛽(2𝛩) = 𝐿𝑐𝑜𝑠𝛩

(1.9)

1.3.2 Nitrogen-adsorption Isotherms
These measurements are used to obtain information on the catalyst samples' textural properties.
The BET specific surface area, pore-volume, average pore size, and pore size distribution can be gotten
from the obtained data.
1.3.3 Temperature-programmed Characterization
These are characterization techniques carried out by linearly ramping up the temperature using a
constant ramp rate. The setup for temperature-programmed reaction experiments includes a reactor in which
the sample is placed, a temperature controllable furnace, mass flow controllers connected to the gases
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needed for the analysis, and finally an analytical instrument (mass spectrometer). The obtained data from
the experiments show changes in the concentration of the analytes (gases) with time and temperature;
thereby allowing the generation of an integrable curve that can be analyzed to get the desired information.
Temperature

programmed

characterization

include

temperature-programmed

reduction

(TPR),

temperature-programmed desorption (TPD) and temperature-programmed oxidation (TPO).
TPR is used the evaluate the reducibility of the catalyst material, and it involves heating the sample
at a constant heating rate while reducing gas, typically hydrogen is passed over it. Information on the
catalyst reduction peak temp and amount of metal oxide reduced per sample mass are obtained from the
analyzed data.
TPD is used to determine the amount of adsorbate gas on a sample, and the gas is adsorbed at the
sample at room temperature or low-temperature conditions in which only adsorption occurs. The amount
of gas adsorbed is calculated by integrating the area under the desorption peak obtained while heating the
sample at a constant temperature [156]. The adsorbate amounts a probe gas to indirectly used to obtain
information on a catalyst's adsorption sites. In this dissertation, CO2-TPD experiments were used to estimate
the number of basic sites on the catalyst surface, and H2-TPD and CO-TPD are used to estimate the metallic
site coverages.
Other characterization techniques include XPS which is a common surface characterization
technique used to obtain information on the chemical composition of the catalyst, the oxidation state of the
elements present in the catalysts, Raman spectroscopy, Transmission Electron Microscopy, and CO
chemisorption.
1.4 Metal Activation/Reducibility
Catalyst reducibility is an important factor to consider during dry reforming reaction because it
determines the extent to which the active metallic sites will be available for activation of the reactant gas
molecules[157]. Following material synthesis and calcination, supported-metal catalysts are typically in an
oxide form, and the metal oxides must be converted to metallic sites to make them active for dissociation
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of the reactant gas molecules. The conversion from metal oxides to the metallic phase is carried out through
a process called reduction.
Reduction involves passing a reducing gas diluted with inert gas over the catalyst surface while
heating the samples to higher temperatures. Common reducing gases include H2, CO, and CH4, Liu, and
co-authors [158] studied the effect of different reducing environments on the catalytic performance of a
Ni/ZiO2–SiO2 catalyst. They reported that the reducing gas affected the active metal dispersion, product
selectivity, and rate of carbon formation.
The high-temperature condition chosen for reduction is dependent on the extent or ease of reduction
of the metal oxides and the effect of the reduction temperature on catalytic performance in dry reforming
experiments has been reported in literature [159-163]. Several factors can determine the ease of reduction;
one is the metal-support interaction, the metal-metal or metal-promoter reaction as the presence of other
metals or additives could influence the metal oxide reduction. A typical example is the formation of NiOMgO solid solution, which is more difficult to reduce than NiO, and metals like NiO, CoO have been
reported to reduce at lower temperatures in the presence of precious metals. The reduction is an essential
step because it determines the number of active sites; however, there has to be an intermediary condition
where the temperature condition is enough to provide as many metallic sites as possible without leading to
metal particle aggregation.
1.5 Reaction Mechanism
The reaction mechanism is dependent on the catalyst system. Generally, both CH4 and CO2
activation takes place on the active metal’s surface. It has also been postulated that CO2 activation
sometimes takes place at the metal-support interface [164] and this is dependent on the nature of the support
[165]. A situation where both reactant gas molecules' dissociation occurs on only the active metal surface
is referred to as a monofunctional pathway occurs on supported-metal catalysts consisting of inert support
materials like SiO [166], and that in which dissociation of reactants taking place on both the active metal
and the support surface is referred to bifunctional reaction mechanism [164]. Bifunctional dissociation
mechanism occurs on supported-metal catalyst systems with basic or acidic supports[125]. Supports with
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basic sites have strong redox properties and a huge pool of mobile oxygen species facilitate the dissociation
of CO2 [165, 167]. In a bifunctional reaction pathway, CO2 dissociation can occur via two separate steps
[164]; one is the direct dissociation on the active metal surface and the second way is by dissociation on
the support, commonly referred to as the H-assisted CO2 dissociation. The activation of methane on the
active metallic site is promoted by the oxygen species generated from CO2 dissociation on the active
metallic phase.
The dry reforming reaction mechanism over several supported metal catalysts has been studied by
several researchers using situ DRIFTS, transient kinetic analysis, temporal analysis of products (TAP), and
DFT studies[120, 168-171]. The dry reforming reaction mechanism study carried out by Shiping et al. [172]
using a combination of DRIFTS and DFT studies presented that there were two possible pathways for CO2
activation on the support material. One is the Eley Rideal (E-R) type mechanism, which involved the
reaction of gaseous CO2 with deposited C species during CH4 decomposition, and the second one is an Hmediated dissociated of CO2. Using in situ DRIFT study, Luis F. Bobadilla et al. [164] reported the
possibility of two separate dry reforming reaction mechanisms occurring on their catalyst surface, a
monofunctional mechanism involving the dissociation of both CH4 and CO2 on the metallic Rh sites and a
bifunctional mechanism in which CO2 activation occurred on the basic support. Using the pulsed reaction
technique, Matsui et al [173] studied the effect of support material on dry reforming reaction mechanism
over Ru catalyst supported on various support materials (Y2O3, La2O3, and ZrO). They reported that the
reaction cycle involved the reaction between some Ru metals with CH4 to form Ru-CHx while Ru-Ox and
CO are produced from a simultaneous reaction between Ru and CO2. Finally, CO and metallic Ru are
formed because of the oxygen transfer between Ru-Ox and Ru-CHx.
1.6 Dissertation Overview
This dissertation focuses on developing low-temperature reforming catalysts for future application
in the intensified conversion of biogas to liquid fuels. This research will help valorize two important
greenhouse gases to produce liquid fuels and reduce the current fossil fuel dependence on a broader scale.
The catalysts developed can be applied in an intensified process involving the direct conversion of biogas
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to liquid fuels and will be instrumental to producing competitive fuels because of the reduced operating
costs from eliminating a unit operation and the resulting lower energy requirements. The focus is centered
on understanding the role of the metal components to optimize the catalyst design, optimizing the metal
deposition method to enable a stronger interaction between the metals and the support and cost reduction
through the screening of select metals (Co, Fe, Pt, Ru) and their role in bimetallic catalyst systems. The
overall objective is the development of a low cost-effective, low-temperature reforming catalyst.
The work presented in Chapter 2 is focused on understanding the individual roles of the catalyst
component (active metals and promoters). Information on the synthesis and characterization of a series of
Pt-Ni-CZO and Pt-Mg-CZO catalysts have been reported. These catalysts were made with 0.16wt% Pt and
various loadings of Ni (0.67-2.7 wt%) or Mg (0.50-2.0 wt%). The results presented showed the effects of
these varying amounts of metals on the catalyst structure, reducibility, activity and stability.
The objective in Chapter 3 was to identify the most efficient impregnation strategy for improved
catalytic performance. Hence, a series of bimetallic supported metal catalysts (Pt-Mg-CZO) and (Pt-NiCZO) were prepared using the incipient wetness method. The metals were deposited on the support material
together (co-impregnation) and separately (sequential-impregnation). Also, the effect of the order of metal
deposition was evaluated in the sequentially impregnated samples. Further characterization results such as
CO-chemisorption and transmission electron microscopy and X-ray photoelectron spectroscopy not
conducted during the work done in Chapter 2 have been presented.
Chapter 4 presents the characterization and performance evaluation results of Co-CZO,Ni-Co-MgCZO, Fe-Mg-CZO, and Pt-Fe-Mg-CZO samples. This was done in an effort to develop cost-effective, lowtemperature reforming catalyst samples.
The work presented in Chapter 5 results from the continued efforts of optimizing the cost of catalyst
formulation. The results show the effect of varying the amount of Ru loadings and changing the catalyst
reduction temperature on the catalytic performance.
The overall conclusion from this dissertation and recommendations for future works to be
considered are discussed in Chapter 6.
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Chapter 2: Impact of Ni And Mg Loadings on Dry Reforming Performance of Pt/Ceria-Zirconia
Catalysts1
2.1 Introduction
The U.S. Energy Information Administration (EIA) reported that renewable energy sources
accounted for 10% of the total energy consumed in the United States in 2016. Renewable energy sources
can be increased by utilizing widely available and currently underutilized solid waste for the generation of
high demand liquid hydrocarbon fuels. The anaerobic digestion of the organic fraction of biomass generates
biogas [125]. Methane (CH4) and carbon dioxide (CO2) make up a large percentage of biogas and have
been identified as important greenhouse gases [33, 174]. Biogas, after contaminants removal, can be
converted to syngas (a mixture of hydrogen (H2) and carbon monoxide (CO)) via various reforming
techniques such as steam reforming, partial oxidation, and dry reforming (DRM). The chemical processing
of syngas in the Fischer-Tropsch technology leads to the generation of liquid hydrocarbons.
The possibility of utilizing the two major biogas components in a single reaction as shown in (Eqn.
1) without prior CO2 separation makes DRM the choice reforming technology.
CH4 + CO2 ⇋ 2H2 +2CO (ΔHº = 247.3 kJ/mol) (2.1)
Cost considerations also increase its attractiveness as its operating costs are about 20% lower than
those of other technologies like steam reforming and partial oxidation [175]. On the downside, DRM is a
catalytic process that requires temperatures between 800-1000 ºC to obtain high conversions of reactants
[125, 176].
1

Reprinted with permission from Sokefun, Y.O., B. Joseph, and J.N. Kuhn, Impact of Ni and Mg Loadings on Dry

Reforming Performance of Pt/Ceria-Zirconia Catalysts. Industrial & Engineering Chemistry Research, 2019. 58(22):
p. 9322-9330. Copyright © 2019, American Chemical Society
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In addition, it produces syngas with a H2/CO ratio of ≤ 1 [177, 178] which is less than desired and
it is associated with severe carbon deposition [125, 177, 179, 180]. The H2/CO ratio can be improved by
combining the dry reforming process with steam reforming or partial oxidation in a process typically
referred to as bi-reforming or mixed reforming [181-183]. Tri-reforming of methane which involves the
combination of CO2, H2O, and O2 as oxidants for the methane reforming can also be employed to increase
the H2:CO ratio to the desired value [26]. Bi-reforming and Tri-reforming can also lower the catalyst coking
rate through the provision of additional reactive oxygen for carbon oxidation.
The high-temperature conditions of DRM can make the technology capital intensive and energy
inefficient. The successful development of low-temperature reforming catalysts that can generate high
enough reactants’ conversion to the desired products may alleviate these concerns. In addition, such
catalysts can be employed in intensified processes involving in-situ separations such as membrane
technology [184] or combined reaction and separation schemes [185].
The catalyst component in terms of the active metal(s), support, and promoters employed for DRM
strongly influence its overall performance [33]. Hence, it is imperative to wisely select the catalyst
components. Noble metals such as ruthenium (Ru), platinum (Pt), and transition metals such as cobalt (Co),
nickel (Ni), and iron (Fe) are often used as the active metals for the DRM process. The noble metal catalysts
have a higher activity than transition metals and are also more resistant to coking via carbon deposition
[125]. When compared to other transition metal catalysts, nickel-based catalysts exhibit higher catalytic
activity and have comparable activity to some noble metals. Their level of catalytic activity combined with
their low cost and high abundance compared to noble metals [154] make them the most utilized metals for
DRM. Ni is usually supported on oxide materials such as alumina, ceria, zirconia, silica or the mixture of
both. The use of supports gives added advantages of higher surface area, increased stability [62]. Also, the
metal’s particle size, dispersion and electron-donating ability is influenced by an interaction between the
metal and support [67, 68].
Supported-nickel catalysts on their own are unable to meet low-temperature activity and product
selectivity requirements and therefore require the introduction of noble metals (Pt, Ru, Pd, Rh) [186-189]
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and alkali earth metals into their catalyst formulation. The introduction of noble metals increases the
reducibility of the catalysts at much lower temperatures [190] while the addition of alkali earth metals such
as sodium (Na), potassium (K), and magnesium (Mg) help tackle the problem of deactivation due to coke
formation [125, 191]. These claims have been supported by literatures on improved performance in terms
of catalyst activity, stability and selectivity exhibited by bimetallic catalysts [33, 186, 190].
Upon extensive review on the benefits of using a ceria-zirconia mixed oxide support in a 0.6:0.4
ratio [84] and the addition of noble metals and alkali metals from previous studies, our research group
previously worked with a series of Pt-doped Ni/Mg catalyst supported on cerium-zirconium oxide [116].
These catalysts were tested for low temperature dry reforming in a temperature range of 450-600 ºC. The
0.16wt%Pt-1.34wt%Ni-1.0wt%Mg/Ce0.6Zr0.4O2 catalyst yielded the best performance in terms of
conversion and selectivity, showing substantial activity at low temperature (450 ºC). The current work is
focused on the evaluation of the isolated effect of Ni (0.67-2.7 wt.%) and Mg (0.50-2.0 wt.%) in a series of
0.16 wt.% Pt-Ce0.6Zr0.4O2 based catalyst. The goals are to determine the roles of Ni and Mg loading for
improved catalytic performance and to determine if and how the catalyst formulation can be simplified or
improved.
2.2 Experimental Section
2.2.1 Materials and Reagents
The following chemical were purchased from Alfa Aesar; cerium III nitrate hexahydrate, REacton
(REO)

crystalline

aggregates

(Ce(NO3)3.6H2O;

99.5%),

zirconium

dinitrate

oxide

hydrate

(ZrO(NO3)2.xH2O; 99.9%-metals basis), nickel (II) nitrate hexahydrate puratronic (Ni(NO3)2.6H2O;
99.9985%-metal basis), magnesium nitrate hexahydrate (Mg(NO3)2.6H2O; 98.0-102.0%). The other
chemicals consisting of the chloroplatinic acid hexahydrate (H2PtCl6.6H2O) and ACS grade ammonium
hydroxide (NH3 assay: 28 -30%) were purchased from Sigma-Aldrich and VWR, respectively.
2.2.2 Catalyst Support Synthesis
The ceria-zirconia support with a ceria:zirconia ratio of 0.6:0.4 was prepared using the coprecipitation method [84, 116]. This involved the precipitation of aqueous solution (150 mL DI water) of
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cerium precursor (8.7 g) and zirconium precursor (3.3 g) using 170 mL of ammonium hydroxide. The
resulting solution was then filtered using vacuum. The precipitate was collected and dissolved again in 75
mL of ammonium hydroxide and 231 mL DI water. This solution was again vacuum filtered. This
precipitate was dried at 60 ºC (20 ºC/min; 1 h) and then 120 ºC (30 ºC/min; 12 h). The dried sample was
calcined at 800 ºC (30 ºC/min; 4 h).
2.2.3 Preparation of the Supported-metal Catalysts
The supported-metal catalysts used in this work and their notation (Table 2.1) include the control
sample; 0.16%Pt/Ce0.6Zr0.4O2, the magnesium catalyst series; 0.16%Pt-0.50%Mg/Ce0.6Zr0.4O2, 0.16%Pt1.0%Mg/Ce0.6Zr0.4O2, 0.16%Pt-2.0%Mg/Ce0.6Zr0.4O2, the nickel catalyst series; 0.16%Pt-0.67%NiCe0.6Zr0.4O2, 0.16%Pt-1.3%Ni/Ce0.6Zr0.4O2, 0.16%Pt-2.7%Ni/Ce0.6Zr0.4O2 and combined catalyst 0.16%Pt2.7%Ni-0.50%Mg/Ce0.6Zr0.4O2. All the samples used in study contain 0.16% by mass of Pt. The magnesium
catalyst series contains no nickel while the nickel catalyst series contains no magnesium. The percentage
loading of the metal is based on the total weight of the catalyst sample.
The above-stated supported-metal catalysts were prepared using the incipient wetness impregnation
method [116]. This involved introducing the right amount of desired metal solution in a dropwise fashion
unto the support until incipient wetness was attained. A volume of ~ 1.3 mL of DI water was used to prepare
the desired metal solutions. After each impregnation cycle, the wet support was dried at 120 ºC for 2 h at a
rate of 10 ºC/min. Once the impregnation and drying stage was completed, the dried sample was then
calcined at 600 ºC (10 ºC/min) for 3 h.
2.2.4 Sample Characterization
The characterization of the fresh samples was done using the following techniques: Hydrogen
temperature-programmed reduction (H2-TPR), powdered X-ray diffraction (PXRD), N2 physisorption,
temperature-programmed oxidation (TPO), and CO2-temperature programmed desorption (CO2-TPD).
Selected spent catalyst were characterized using powdered x-ray diffraction (PXRD), N2 physisorption, and
temperature-programmed oxidation (TPO). Ultra-high purity gases purchased from Airgas, Inc. were used
for various reaction and characterization studies.
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A quartz u-tube reactor having an internal diameter of 4 mm was used for the H2-TPR, CO2-TPD,
TPO, and dry reforming experiments. This reactor was loaded with catalyst samples weighing between 7575.5 mg, which was placed between two layers of high-temperature quartz wool. The reactor system was
connected to a manifold with 8 Alicat Scientific mass flow controllers and heated by a Thermolyne furnace
with a Eurotherm 2116 PID controller. An MKS Cirrus mass spectrometer equipped with a triple mass filter
and Faraday detector was used to analyze the reactant and effluent gases.
H2-TPR experiment was done using a 5% H2/He mixture (50 sccm). The samples were pretreated
by ramping up the furnace from room temperature to 110 ºC (10 ºC/min) in He flow (50 sccm) and held for
30 min to remove moisture. After pretreatment and cooling to 50 °C, the 5% H2/He mixture flow was
initiated. After the signals stabilized, the furnace temperature was then ramped up from 50 ºC to 950 ºC (10
℃/min) and held for at least 30 min.
CO2-TPD analysis of select samples was performed using similar reactor setup as the H2-TPR
analysis. The samples were activated at 300 ºC using 5% H2/He (50 sccm) gas mixture. After cooling to 50
°C in He flow, a 10% CO2/He mixture (50 sccm) was passed for 30 min. The gas flow was changed to He
(50 sccm) for 30 min and the furnace temperature was increased to 800 ºC (10 ℃/min) with a hold time of
10 min.
The PXRD analysis was done using a Bruker D8 advance equipped with a Cu K α source (40 kV
and 40 mA). An operation strategy consisting of step size of 0.02º and a 3 sec per step dwell time was used
obtain the diffraction patterns between 2θ angle range of 15–80º. Information about the diffraction peaks
and crystalline phases was gotten by analyzing the obtained data using the X’Pert Highscore Plus software.
N2 adsorption-desorption analysis was done using a Quantachrome Autosorb-IQ. Approximately
100 mg of samples were used for the N2 adsorption-desorption measurement of the fresh samples. The
samples were outgassed for 1 h under vacuum prior to each analysis. The sample’s specific surface area
was calculated using the BET method while the average pore size and pore volume was estimated by the
BJH method.
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2.2.5 Catalyst Testing
The activity of the catalysts (75-75.6 mg) was determined by performing temperature-programmed
DRM reactions at atmospheric pressure and a space velocity of ~ 60,000 h-1. Prior to the reaction, the
catalyst was activated at 300 °C for 1 h using 5% H2/He gas mixture (50 sccm). After activation and cooling
to 200 °C, He (50 sccm) was flowed for 10 min before introducing 7% CH4/7% CO2/He (50 sccm) gas
mixture. After the signals stabilized, the furnace temperature was ramped up to 900 ºC (10 ºC/min) and
held for 30 min.
The CH4 and CO2 conversions were obtained using Eqn. 2 and Eqn. 3 respectively;
𝑋𝐶𝐻4 (%) =

𝐹𝐶𝐻4(𝑖𝑛) − 𝐹𝐶𝐻4(𝑜𝑢𝑡)
∗ 100
𝐹𝐶𝐻4(𝑖𝑛)

(2.2)

𝑋𝐶𝑂2 (%) =

𝐹𝐶𝑂2(𝑖𝑛) − 𝐹𝐶𝑂2(𝑜𝑢𝑡)
∗ 100
𝐹𝐶𝑂2(𝑖𝑛)

(2.3)

where XCH4 (%) and XCO2 (%) are the conversions of CH4 and CO2 respectively. Fi(in) and Fi(out) are the inlet
and outlet molar flowrates of CH4 and CO2. The equilibrium CH4 and CO2 conversions were calculated
using Aspen Plus software. The carbon atom balances for the DRM reactions were calculated to be between
98 -105 %.
Steady-state reactions at atmospheric pressure were also performed using down selected catalysts.
The catalysts were activated in the similar condition described for the temperature-programmed reaction.
After catalyst activation and cooling to 200 ℃, the furnace temperature was ramped up to initial temperature
Ti (10 ℃/min) and held for 30 min. The furnace temperature was then decreased to a final temperature Tf
at intervals of 10 ℃ and 30 min hold time. Ti and Tf were chosen from a temperature window in which the
sample gave 5 – 15 % CH4 conversion during the temperature-programmed reaction.
The steady-state reaction rates were obtained using Eqn. 2.4 and Eqn. 2.5;
𝑅𝐶𝐻4 (

µ𝑚𝑜𝑙
𝐹𝐶𝐻4,𝑖𝑛 − 𝐹𝐶𝐻4,𝑜𝑢𝑡
)=
𝑔𝑐𝑎𝑡 . 𝑠
𝑊𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡

(2.4)

𝑅𝐶𝑂2 (

µ𝑚𝑜𝑙
𝐹𝐶𝑂2,𝑖𝑛 − 𝐹𝐶𝑂2,𝑜𝑢𝑡
)=
𝑔𝑐𝑎𝑡 . 𝑠
𝑊𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡

(2.5)
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where RCH4 and RCO2 are the reaction rates of CH4 and CO2, respectively, and W is the mass of the catalyst.
The turnover frequency (TOF) of CO2 consumption was calculated using Eqn. 6, DCO2 (µmol/gcat)
is the density of the surface active sites for CO2 adsorption determined by CO2-TPD.
𝑅

𝑇𝑂𝐹 (𝑠 −1 ) = 𝐷𝐶𝑂2

𝐶𝑂2

(2.6)

TPO study of the spent catalyst was performed right after the time on stream (TOS) study, this was
done to ascertain if carbon was formed on the catalyst sample during the TOS study. The TPO analysis was
done using a similar setup used for the TPR analysis. After cooling the furnace temperature to room
temperature, 50 sccm (10% O2/He mixture) gas mixture was passed over the sample for 30 min. The
temperature was then ramped to 900 ºC (10 ºC/min) and held for 30 min.
2.3 Results and Discussion
2.3.1 Role of Ni in the Nickel Catalyst Series
2.3.1.1 Characterization
The H2-TPR profiles of the nickel catalyst series (0.67Ni-CZO, 1.3Ni-CZO and 2.7Ni-CZO) are
shown in Figure 2.1. These samples presented three separate reduction peaks. The first two reduction peaks
were at temperatures lower than 400 °C while the third reduction peak was at ~815 ℃. The control sample
(Pt-CZO) exhibited a broad reduction peak at lower temperatures (192 – 462 ℃), which can be attributed
to reduction of Ce4+ to Ce3+on the surface to [84, 192]. The H2-TPR profile of Pt-CZO sample shows that
the presence of Pt in the Pt-CZO aids the reducibility of the CZO support which had a higher reduction
temperature of ~ 681 ℃ [116, 193]. The first reduction peak in the nickel catalyst series is due to the
interaction of Pt with CZO through the hydrogen spillover effect. The adsorbed H2 dissociates on the Pt
surface and spills over unto the Ce surface thereby enhancing the support’s reducibility [116]. The reduction
temperature of the surface Ce decreased with increasing Ni content. The difference in reduction
temperatures of surface ceria in the nickel containing samples in comparison to the Pt-CZO sample indicate
that the presence of NiO further enhances the reducibility of the CZO support. The second reduction peaks
observed at temperatures between 373-391℃ were due to the reduction of the NiO species and they shifted
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to the right with increasing Ni content. The third reduction peak at ~815 ℃ is due to the reduction of bulk
ceria in the CZO solid solution.
The pore structure parameters of the catalysts (nickel and magnesium catalyst series) were
determined through N2-physisorption isotherms (Table 2.1). The samples had BET surface areas with
values ranging from 29 – 33 m2/g. The pore volume values ranged from 0.06 – 0.08 cm3/g while the average
pore sizes were between 7.2 – 9.8 nm. In addition, the average pore size values indicate that the materials
are mesoporous. The supported-metal catalysts all had smaller BET surface areas compared to the catalyst
support while the average pore diameter was increased. The differences can be attributed to the metals
filling the pores, with a preference toward small ones (Figure 2.2a), of the support upon loading [116, 194].
Diffraction patterns of the control sample (Pt-CZO) and the nickel catalyst series (0.67Ni-CZO,
1.3Ni-CZO & 2.7Ni-CZO) are presented in Figure 2.3. The Pt-CZO catalyst presented diffraction lines at
~ 2Θ values = 29, 33, 48, 57, 70 and 78º with corresponding planes (111), (200), (220), (331), (400) and
(222). All the presented diffraction lines are characteristic of the cubic-fluorite structure of CZO and are
comparable to those previously synthesized [84, 116, 194]. The presence of the cubic fluorite structure
indicates that the synthesis of the support by coprecipitation resulted in the formation of ceria-zirconia solid
solution. Due to the low metal loading and small crystallite size, indications of Pt or Ni-containing phases
were not observed.
2.3.1.2 Reaction Results
The effect of temperature changes on the conversions from the nickel catalyst series and control
sample (Pt-CZO) is shown in Figure 2.4. The Pt-CZO sample had the lowest CH4 conversion and the
addition of Ni led to a corresponding increase in CH4 conversion at a given temperature (Figure 2.4a). The
CH4 conversion trend was Pt-CZO < 0.67Ni-CZO < 1.3Ni-CZ < 2.7Ni-CZO, which is consistent with more
metal sites for methane activation. While the loading of Ni in these samples does not have a large impact
under these conditions, it is interesting that all three samples containing both Ni and Pt are substantially
more active than those without both elements. The lowest CO2 conversions were also obtained from the PtCZO sample and no direct correlation between the CO2 conversions and changes in Ni content was observed
26

(Figure 2.4b). The CO2 conversions followed the trend; Pt-CZO < 2.7Ni-CZO < 0.67Ni-CZ < 1.3Ni-CZO.
The 0.67Ni-CZO and 1.3Ni-CZO samples yielded higher CO2 conversions than CH4 conversions. The
higher CO2 conversion was caused by the simultaneous occurrence of the reverse waster gas shift reaction
(Eqn. 2.7) [116, 182, 195]. The low H2: CO (Figure 2.5) ratio values of less than unity are also due to the
occurrence of the reverse water gas shift reaction [68]. The reverse water gas shift reaction increases the
amount of CO produced while reducing the amount of H2 produced. The H2: CO ratios for Ni series (no
Mg) are much lower at high temperatures than the other catalysts in this study (Figure 2.5) and speculated
to be aided by coke formation. Consistent with methane decomposition occurring more readily on this
catalyst series, which yields carbon and 2 hydrogen molecules, and then then aids in the RWGS reaction.
This would cause a low H2:CO ratio and be consistent with the need for MgO to avoid coking. Similar
arguments could be made with the coke formation coming from the Boudouard reaction. Another potential
reason is that H2 consumption at high temperatures, above the reduction temperature, to further reduce the
Ni since it is not stabilized by Mg.
CO2 + H2 ⇋ CO + H2O (ΔHº = 41.2 kJ/mol)

(2.7)

The desired H2:CO ratio of 1.5 - 2 for industrial applications can be obtained through the use of
both CO2 and H2O as oxidants for the reforming of CH4, a process commonly known as bi-reforming (Eqn.
8) [182]. Elsayed et al [181] demonstrated this in their study on low-temperature bi-reforming, the H2: CO
value can be adjusted by changing the concentrations of CH4 and CO2 in the feed reactants.
3CH4 + CO2 + 2H2O ⇋ 4CO + 8H2 (ΔHº = 219.6 kJ/mol)

(2.8)

As indicated in Table 2.2, select reactant conversions are reported at their corresponding
temperatures, X10CH4, X50CH4 represents 10 % and 50 % CH4 conversions, respectively, while X10CO2 ,
X50CO2 represents 10 % and 50 % CO2 conversions, respectively. Typical errors in these values would be
5 °C, with a maximum of 7 °C, based on triplicate experiments for one sample (Figure 2.6; Table 2.3). The
Pt-CZO catalyst sample converted 10 % of the CH4 and CO2 reactants at 518 ℃ and 495 ℃ with a H2:CO
of 0.20. These 10 % reactant conversion temperatures are lower than those obtained using the CZO support
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alone and CZO-supported Ni and Mg (no Pt) [116]. The introduction of Ni into the catalyst composition
resulted in a further decrease in the conversion temperatures of both CH4 and CO2.
In terms of CH4 conversion temperature, the best performing catalyst from the nickel catalyst series
was the 2.7Ni-CZO catalyst sample. This catalyst was further tested in a steady-state dry reforming reaction
(Figure 2.7). All the conversions and rates increased with temperature, as expected. Due to the simultaneous
occurrence of the reverse water gas shift reaction (Eqn. 2.7), higher conversion and consumption rates of
CO2 relative to CH4 were observed. As a result, the H2:CO ratios (Figure 2.8) ranged between 0.42 - 0.49.
However, these values are much higher than during the temperature-programmed experiments. This finding
suggests that, as steady-state is reached, carbon removal by CO2 is not fast enough to match the methane
decomposition. The fact that some X10 and X50 for methane occur at lower temperatures than CO 2 only
for the Ni series and not the Mg series supports this claim. As will be shown and discussed later, Mg is
needed to prevent coking and this difference between H2:CO ratios for temperature-programmed and
steady-state experiments did not exist for the Mg-containing catalyst series.
2.4 Role of Mg in the Magnesium Catalyst Series
2.4.1 Characterization
The reducibility of the magnesium catalyst series (0.50Mg-CZO, 1.0Mg-CZO, 2.0Mg-CZO) was
also characterized using H2-TPR (Figure 2.9). These catalysts presented two reduction peaks. In contrast to
the broad low-temperature reduction peak obtained from the Pt-CZO catalyst at temperatures 192 – 462 ℃,
the low-temperature reduction peaks obtained by the 0.50Mg-CZO, 1.0Mg-CZO and 2.0Mg-CZO catalyst
samples were sharp and were present at 294, 303, and 351 ℃, respectively. These peaks can be attributed
to the reduction of the ceria. Increasing the Mg content from 0.50 to 2.0 wt% reduced the reducibility of
the support as the surface ceria reduction peak shifted to the right (from 294 to 351 ℃ ) with increasing
Mg loading. Also, the Ce reduction peaks of the magnesium catalyst series were at higher temperatures
compared to those observed for the Ni catalyst series. This helps confirm that interaction between Ni and
Pt aids the reducibility of the catalyst support. The second reduction peak at higher temperature which is
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due to the reduction of the bulk ceria was observed at a similar temperature to that presented by the nickel
catalyst series.
The PXRD results of 0.50Mg-CZO, 1.0Mg-CZO and 2.0Mg-CZO are shown in Figure 2.10. These
samples presented similar diffraction patterns to those obtained by the CZO support, none of the diffraction
lines can be ascribed to the presence of Mg. The absence of such line(s) may be due to the small percentage
of Mg in the total catalyst composition and/or small crystallite size. The pore structure parameters of the
Mg containing samples were also analyzed using the N2-Physisorption analysis (Table 2.1). The BET
surface area of the samples decreased with increasing Mg following the trend 0.50Mg-CZO < 1.0Mg-CZO
< 2.0Mg-CZO. These samples had smaller surface areas in comparison to the CZO support and the average
pore size increased due to blockage of the small pores (Figure 2.2b). Similar observation was made in the
results obtained in the nickel catalyst series and has been reported in previous studies [84, 116].
2.4.2 Reaction Results
The effect of temperature on the reactants’ conversions and H2:CO ratio values obtained from the
control sample (Pt-CZO) and magnesium catalyst series (0.50Mg-CZO, 1.0Mg-CZO and 2.0Mg-CZO) is
presented in Figure 2.11. The control sample had the highest CH4 conversion temperatures and no direct
correlation between the CH4 conversion temperatures and changes in Mg loadings was observed (Figure
5a). However, the lowest CH4 conversion was obtained from the 0.50Mg-CZO sample and there was an
increasing difference in the conversion temperatures of the 0.5Mg-CZO sample and the other samples at
temperatures greater than 600 ℃ (Figure 2.11a). There was minimal difference in the CH4 conversions
obtained between the 1.0Mg-CZO and the 2.0Mg-CZO catalyst samples (Figure 2.11a). and this indicates
that a further increase in Mg loading may result in no additional effect on the CH 4 conversions. The CO2
conversions obtained at various temperatures are shown in Figure 2.11b, the correlation between Mg
content and CO2 follows similar trend to that observed in the CH4 conversion results. The H2:CO values
obtained at different temperatures are shown in Figure 2.5 and the control sample (Pt-CZO) had the highest
H2: CO value. The CO2 conversions for all the Mg containing samples were higher than the CH4 conversions
due to occurrence of the reverse water gas shift reaction, which again led to H2: CO ratios lower than 1. In
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terms of activity (CH4 and CO2 conversions) and product selectivity (H2: CO), the 0.50Mg-CZO catalyst
sample was selected as the best performing catalyst. Further performance evaluation of the 0.50Mg-CZO
sample was carried out in a steady-state dry reforming experiment performed at temperatures 470 - 510 ℃.
(Figure 2.12) The reactants’ conversions and reaction rates increased with increasing temperatures, as did
the H2:CO (Figure 2.13). Caused again by the simultaneous occurrence of the reverse water gas shift
reaction, higher CO2 conversions relative to CH4 conversions were obtained. Speculated by the lack of coke
formation reactions for the Mg catalyst series, the H2:CO ratios between temperature-programmed (Figure
2.5) and steady-state experiments (Figure 2.13) were similar.
2.5 Time on Stream (TOS) and Carbon Formation Study (2.7Ni-CZO)
A 10 h TOS study was performed with the 2.7Ni -CZO catalyst and the obtained result is shown in
Figure 2.14. This sample was selected because it gave the lowest temperature activity of the studied
catalysts (Table 2.2). Relatively stable CH4 and CO2 conversions were observed during the entire 10 h
duration of the experiment with average CH4 conversion and CO2 conversions of 8.0 % and 14 % and an
average H2: CO ratio of 0.44.
Coke formation on the spent catalyst is made evident through the presence of a CO2 peak in the
TPO profile of the catalyst samples. The 2.7Ni-CZO presented CO2 peaks at a temperature between 300
and 500 ℃ (Figure 2.19). The average coke formation rate of 5.5 X 10-4 g/gcat.h was obtained through the
calculation of the area under the CO2 peak and dividing by the 10 h on stream and the catalyst amount.
The presence of coke in this catalyst sample and the absence of coke in a previous work performed with
Mg-containing sample led to the formulation of a 0.16Pt/Ce0.6Zr0.4O2 based catalyst containing both Ni (2.7
wt%) and Mg (0.50 wt%).
2.6 Catalyst Formulation with Ni and Mg (2.7Ni-0.50Mg-CZO)
The 2.7Ni-0.50Mg-CZO catalyst was synthesized with an objective to obtain improved catalyst
stability and product selectivity. The Ni and Mg content of 0.50 wt % and 2.7Ni wt % was selected based
on results from the temperature-programmed experiments (Table 2.2, Figures 2.4 and 2.11). A compromise
between catalyst activity, selectivity, and stability was used to determine the desired composition for the
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combined catalyst. Figure 2.16 shows a comparison of the reaction results of the Pt-CZO, 2.7Ni-CZO,
0.50Mg-CZO, and 2.7Ni-0.50Mg-CZO samples. The CH4 conversion followed the trend: Pt-CZO <
0.50Mg-CZO < 2.7Ni-0.50Mg-CZO < 2.7Ni-CZO (Figure 2.16a). This shows that the addition of Mg to
the 2.7Ni-CZO caused an increase in the CH4 conversion temperature. Similar CO2 conversions were
obtained from the 2.7Ni-CZO and 2.7Ni-0.50Mg-CZO samples and only minimal changes in the CO2
conversion temperatures were observed (Figure 2.16b). At temperatures between 450 and 500 ℃, the 2.7Ni0.50Mg-CZO sample yielded the highest H2: CO ratio, in contrast to the 2.7Ni-CZO sample which recorded
the lowest H2:CO ratio values (Figure 2.5).
The conversion and selectivity results for the 2.7Ni-0.50Mg-CZO and 0.16%Pt-1.34Ni-1.0MgCe0.6Zr0.4O2 (1.3Ni-1.0Mg-CZO) catalysts previously synthesized by our group [116] are compared in
Table 2.4. The 2.7Ni-0.50Mg-CZO catalyst reported 10% and 50% reactants’ conversions at temperatures
lower than those of the 0.16%Pt-1.34Ni-1.0Mg-CZO sample. The H2:CO value of 0.36 was also higher
that of the 0.16%Pt-1.34Ni-1.0Mg-CZO. The improved result is due to the changes in the content of Ni and
Mg in the newly synthesized 2.7Ni-0.50Mg-CZO catalyst. The reactants’ conversions and consumption
rates obtained from the steady-state dry reforming reactions is shown in Figure 2.17. Both reactants’
conversions increased with increasing temperature and were lower than the equilibrium conversions.
Although minimal, the H2: CO increased slightly with increasing temperature (Figure 2.18). A TPO
after testing the 2.7Ni-0.50Mg-CZO catalyst for 10 h on stream at T = 430 °C indicated no CO2 formation
(Figure 2.19). Its absence confirms that Mg is needed in the catalyst composition to help prevent carbon
formation. Mg helps to oxidize any carbonaceous species that may be formed during the reforming
experiment. Table 2.5 compares the average coking rates of the samples used in this study and those
reported in literature.
2.7 Catalyst Basicity, TOF, and Activation Energies
Quantification of basic sites for select catalyst samples (0.50Mg-CZO, 2.7Ni-CZO, and 2.7Ni0.50Mg-CZO) was analyzed using TPD-CO2 experiments (Table 2.6). The CO2 desorption peak of the
2.7Ni-CZO was observed at 71-156 ℃. The highest amount of CO2 desorbed (79 µmol of CO2/gcat ) was
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obtained from the 0.50Mg-CZO sample and the desorption occurred at temperatures between 75 - 361℃.
The addition of Mg into the 2.7Ni-CZO sample improved the catalyst’s basicity. This conclusion was drawn
from the observed increase in the amount of CO2 desorbed from 21 to 30 µmol of CO2/gcat and is consistent
with interactions between Ni and Mg [196, 197]. The TOF values based on the catalyst basic sites were
calculated using the CO2 reaction rates and the amount of CO2 desorbed from the basic sites. The TOF rates
at T=470 °C (Table 2.6) follow the trend; 0.50Mg-CZO < 2.7Ni-0.50Mg-CZO < 2.7Ni-CZO.
The apparent CH4 and CO2 activation energies (Table 2.7) were calculated using the CH4 and CO2
reaction rates and temperature conditions of the steady-state experiment. The catalyst samples show
comparable activation energy values to the referenced studies. The CO2 activation energy value was lower
than that of CH4, this is due to the simultaneous occurrence of the reverse water gas shift reaction [182] and
may be influenced by an approach to equilibrium at the higher temperatures for the Ni containing samples
2.8 Post-reaction Characterization
The spent 2.7Ni-CZO, 0.50Mg-CZO and 2.7Ni-0.50Mg-CZO catalyst samples from the steadystate experiment were characterized using PXRD and N2-physisorption analysis. A comparison of the
diffraction patterns of the fresh and spent samples is shown in Figure S9. Similar diffraction patterns were
observed for both the fresh and spent catalyst samples, which indicates that the samples retained their crystal
structure. In addition, no new lines were observed in the spent catalyst. The textural properties of the fresh
and spent catalyst samples are also compared in Table S6. The surface area of the spent 2.7Ni- CZO catalyst
decreased from an initial value of 32 to 26 m2/g, the pore volume decreased from 0.08 to 0.06 cm3/g, and
the average pore size decreased from 9.3 nm to 8.9 nm. The BET surface area of the spent 0.50Mg-CZO
sample decreased from an initial value of 31 to 26 m2/g. There was no difference in the BET surface area
of the fresh and spent 2.7Ni-0.50Mg-CZO catalyst. Overall, these results indicate negligible changes of the
catalysts during the reaction.
2.9 Conclusion
The primary conclusion is that for our catalyst formulation and under the conditions tested both Ni
and Mg need to be present in the catalyst composition to maintain a balance between catalyst activity and
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stability. The H2-TPR profiles indicated interactions between Ni or Mg loadings and the reduction of the
ceria-zirconia support. Increasing the Ni content influenced the reduction of ceria at lower temperatures
while increasing the Mg content shifted the reduction of ceria to higher temperatures. The ceria reducibility
and CH4 conversion temperatures followed the same trend, this confirms a correlation between support
reducibility and catalyst activity. The addition of Mg increased the catalyst basicity and the H 2:CO ratio.
All the evaluated catalysts gave H2:CO ratio of values < 1, which is typical of dry reforming. The lowtemperature conversions obtained from these catalysts indicate that they could potentially be employed in
intensified processes with in-situ separations such as membrane technology or combined reaction and
separation operations.
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Table 2.1 Sample notation, reduction temperatures and N2 physisorption results
Sample

Ce0.6Zr0.4O2
0.16%Pt/Ce0.6Zr0.4O2
0.16%Pt0.50%Mg/Ce0.6Zr0.4O2
0.16%Pt1.0%Mg/Ce0.6Zr0.4O2
0.16%Pt2.0%Mg/Ce0.6Zr0.4O2
0.16%Pt0.67%Ni/Ce0.6Zr0.4O2
0.16%Pt1.3%Ni/Ce0.6Zr0.4O2
0.16%Pt2.7%Ni/Ce0.6Zr0.4O2
0.16%Pt-2.7%Ni0.50%Mg/Ce0.6Zr0.4O2
*Average of two samples

Notation

BET
surface
area (m2
/g)

Pore
volume
(cm3/g)

Average
pore
diameter
(nm)

CZO
Pt-CZO
0.50Mg-CZO

Low
reduction
peak
temperatures
(ºC)
618 [116]
192-462
294

45*
32
31

0.10
0.06
0.07

8.3
7.2
9.8

1.0Mg-CZO

303

29

0.07

9.7

2.0Mg-CZO

351

28

0.06

9.0

0.67Ni-CZO

263, 385

33

0.08

9.5

1.3Ni-CZO

255, 373

31

0.07

9.6

2.7Ni-CZO

242, 391

32

0.08

9.3

2.7Ni0.50Mg-CZO

288

29

0.07

8.9

Figure 2.1 H2-TPR profiles of the fresh catalyst samples. (Pt-CZO, 0.67Ni-CZO, 1.3Ni-CZO & 2.7NiCZO)

34

Figure 2.2 BJH pore size distribution of fresh samples. (a) CZO, Pt-CZO, 2.7Ni-0.50Mg-CZO and nickel
catalyst series and (b) CZO, Pt-CZO, 2.7Ni-0.50Mg-CZO and magnesium catalyst series.

Figure 2.3 Diffraction patterns of the fresh catalyst samples.(Pt-CZO, 0.67Ni-CZO, 1.3Ni-CZO & 2.7NiCZO)

Figure 2.4 Temperature-programmed reaction results of the nickel catalyst series. (a) Methane
conversion. (b) Carbon dioxide conversion. Reaction conditions: Ptotal = 1 atm; CH4/CO2/He = 1/1/12.3
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Figure 2.5 H2/CO molar product ratio obtained from the temperature-programmed experiments.

Conversion Temperature (oC)

600

550
CH4 X10 Temp. (oC)
CH4 X50 Temp.(oC)
CO2 X10 Temp.(oC)
CO2 X50 Temp.(oC)

500

450

400
Run 1

Run 2

Experiment runs

Run 3

Figure 2.6 Methane and carbon dioxide conversion results for three separate experiment runs. Sample:
0.67Ni-CZO
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Figure 2.7 Steady-state reaction results of the 2.7Ni-CZO catalyst sample. (a) Methane conversion. (b)
Carbon dioxide conversion. Reaction conditions: Ptotal = 1atm; CH4/CO2/He = 1/1/12.3

Figure 2.8 H2/CO molar product ratio obtained from the steady-state reaction performed with the 2.7NiCZO catalyst sample. Reaction conditions: Ptotal = 1atm; CH4/CO2/He = 1/1/12.3

Figure 2.9 H2-TPR profiles of the fresh catalyst samples. Samples: Pt-CZO, 0.50Mg-CZO, 1.0Mg-CZO &
2.0Mg-CZO samples
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Figure 2.10 Diffraction patterns of the fresh catalyst samples. Samples: 0.50Mg-CZO, 1.0Mg-CZO &
2.0Mg-CZO)

Figure 2.11 Temperature-programmed reaction results of the magnesium catalyst series. (a) Methane
conversion. (b) Carbon dioxide conversion. Reaction conditions: Ptotal = 1atm; CH4/CO2/He = 1/1/12.3

Figure 2.12 Steady-state reaction results of the 0.50Mg-CZO catalyst sample. (a) Methane conversion. (b)
Carbon dioxide conversion. Reaction conditions: Ptotal = 1atm; CH4/CO2/He = 1/1/12.3
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Figure 2.13 H2/CO molar product ratio obtained from the steady-state reaction performed with the
0.50Mg-CZO catalyst sample. Reaction conditions: Ptotal = 1atm; CH4/CO2/He = 1/1/12.3

Figure 2.14 Methane and carbon dioxide conversion results from the TOS study carried out with 2.7NiCZO. Reaction conditions: Time = 10 h; T= 430 ℃; Ptotal = 1atm; CH4/CO2/He = 1/1/12.3

Figure 2.15 TPO profiles of the spent 2.7Ni-CZO catalyst sample
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Figure 2.16 Comparison of the temperature-programmed reaction results of Pt-CZO, 0.50Mg-CZO,
2.7Ni-CZO and 2.7Ni-0.50Mg-CZO samples. (a) Methane conversion. (b) Carbon dioxide conversion.
Reaction conditions: Ptotal = 1atm; CH4/CO2/He = 1/1/12.3

Figure 2.17 Steady-state reaction results of the 2.7Ni-0.50Mg-CZO catalyst sample. (a) Methane
conversion. (b) Carbon dioxide conversion. Reaction conditions: Ptotal = 1atm ; CH4/CO2/He = 1/1/12.3

Table 2.2 Temperature-programmed reaction results
Sample

X10CH4
Temp. (oC)

X50CH4
Temp. (oC)

X10CO2 Temp.
(oC)

X50CO2
Temp. (°C)

Pt-CZO
0.67NiCZO
1.3Ni-CZO
2.7Ni-CZO
0.50MgCZO
1.0Mg-CZO
2.0Mg-CZO

518
435
423
411
490
499
509

649
575
566
561
610
638
634

495
428
407
449
472
483
493

621
556
548
572
595
619
616
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Table 2.3 Conversion temperatures for the 0.67Ni-CZO catalyst for three experiments

0.67Ni-CZO

Run 1

Run 2

Run 3

Percentage
difference

CH4 X10 Temp. (oC)

435

433

430

0.7

CH4 X50 Temp.(oC)

575

571

565

0.9

428

415

419

1.7

o

CO2 X10 Temp.( C)

CO2 X50 Temp.(oC)
556
545
547
1.1
• CH4 X10, CH4 X50, CO2 X10 and CO2 X50 represent 10 and 50 % CH4 and
CO2 conversions
• Run 1 column contains the data collected from the initial experiment
carried out using the named catalyst.
• Run 2 and Run 3 columns contain data for the repeated experiments
performed at a different time period.

Table 2.4 Comparison of the conversion and selectivity results. (2.7Ni-0.50Mg-CZO and
1.3Ni-1.0Mg-CZO catalyst samples)
Sample
X10CH4
X50CH4
X10CO2
X50CO2 H2:CO
Temp. (oC)
Temp. (oC)
Temp.
Temp. @450°C
o
( C)
(°C)
2.7Ni-0.50Mg455
581
447
567
0.36
CZO
476
596
463
581
0.12
1.3Ni-1.0Mg-CZO
Table 2.5 Comparison of selected catalysts’ average coking rates to literature values
Catalyst

Coking rate (g/gcat.h)

Reference

2.7Ni-CZO

5.5 x10-4

This study

2.7Ni-0.50Mg-CZO

n/d*

This study

NiMg/Ce0.6Zr0.4O2

2.2 x 10-4

[198]

Ni-CaO-ZrO2

9.0 x 10-4 - 1.3 x 10-1

[199]

5 wt% Ni/CeO2

7.8 x 10-3

[200]

Ni-Ce0.5Zr0.5O2

1.8 x 10-4

[201]

*n/d-non-detectable
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Figure 2.18 H2/CO molar product ratio obtained from the steady-state reaction performed with the 2.7Ni0.50Mg-CZO catalyst sample. Reaction conditions: Ptotal = 1atm; CH4/CO2/He = 1/1/12.3

Figure 2.19 Comparison of the TPO profiles of spent 2.7Ni-CZ0 & 2.7Ni-0.50Mg-CZO catalyst samples.
Table 2.6 Comparison of CO2 desorption and turnover frequency
Sample

Amount of CO2
desorbed (µmole/gcat)

Temperature
range (°C)

2.7Ni-CZO
0.50Mg-CZO
2.7Ni-0.50Mg-CZO

21
79
30

71-156
75-361
71-148

Turnover
frequency @
470 °C (s-1)
0.36
0.03
0.17
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Table 2.7 Comparison of apparent activation energies for selected catalyst samples.
Catalyst

2.7Ni-CZO

Apparent activation
energy (kcal/mol)
CH4
CO2
27.2
22.7

0.50Mg-CZO

27.4

19.7

2.7Ni-0.50Mg-CZO

23.5

17.4

0.16Pt-1.4Ni1.0Mg-CZO
0.2Pt-15Ni/CaOAl2O3

18.5

14.8

26.6

16.9

Ni/γ- Al2O3

12.2

13.4

Conditions

Reference

430-470 °C, 1
atm
470-510 °C, 1
atm
430-470 °C, 1
atm
430-470 °C, 1
atm
580-620 °C, 1
atm

This study

500-700 °C, 1
atm

[203]

This study
This study
[116]
[202]

Table 2.8 Comparison of textural properties of the fresh and spent catalyst samples
Sample

State

BET surface
2
area (m /g)

Pore volume
3
(cm /g)

Pore
diameter
(nm)

2.7Ni-CZO

Fresh
Spent

32
26

0.08
0.06

9.3
8.9

0.50Mg-CZO

Fresh
Spent

31
26

0.07
0.07

9.8
9.9

2.7Ni-0.50Mg-CZO

Fresh
Spent

29
29

0.07
0.06

8.9
8.6
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Figure 2.20 Comparison of the diffraction pattern of fresh and spent catalyst samples. a) 2.7Ni-CZO b)
0.50Mg-CZO c) 2.7Ni-0.50Mg-CZO
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Chapter 3: Impact of Structural Changes from Metal Deposition Method on the Catalytic
Performance of Pt/ceria-zirconia-based Catalysts
3.1 Introduction
Dry reforming of methane (DRM) is a highly endothermic catalytic reaction[33] that typically
occurs in the presence of heterogeneous catalyst materials and under high-temperature conditions (7001000 ℃)[204]. The catalyst synthesis method employed can affect the physicochemical properties such as
metal dispersion, particle size, and in turn, catalytic performance[205, 206]. An extensive amount of
heterogenous catalysts have been tested for dry reforming to date[33]. However, there is still a need to
develop highly efficient catalyst systems due to carbon deposition and sintering problems encountered in
dry reforming [52]. The coke deposition and metal sintering at high temperatures hinder the conduction of
dry reforming on a more extensive and commercial scale [207, 208].
Catalyst materials typically consist of porous support material, active metal, and promoters. The
active metals or promoters are incorporated into the support using several methods such as
impregnation[116, 141, 209], adsorption[141], precipitation, ion exchange, or deposition [155]. For a
scaled-up catalyst preparation, the most feasible method of active metal or promoter deposition is the dry
impregnation method because it is relatively easy and generates minimal waste [152]. The dry impregnation
method involves the dissolution of the metal precursors into a solvent either alcohols or water and their
subsequent deposition on the support material until incipient wetness. The preparation method affects metal
particle size [210], metal dispersion, and the distribution of promoters on the catalyst surface, reducibility
[141], stability [141], and metal-support interaction.
To help improve the dry reforming catalytic activity, bimetallic catalysts systems consisting of both
active metals and/or promoters have been designed and employed in dry reforming reactions. A recent
review of the application of bimetallic samples for dry reforming was recently provided by Aziz et al. [211].
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Bimetallic systems have also been reported to enhance the stability of a catalyst against deactivation
resulting from coke deposition, metal particle agglomeration[212], or oxidation of metallic sites [213].
Bimetallic systems help reduce carbon deposition [200], increase the active sites and metal dispersion.
Synergistic effects between metals in a bimetallic catalyst system have been widely reported [214, 215].
The presence of another metal affects the metal-metal interaction or the interaction of the metals
with the support [216]. Selecting the right amount of these metals in the catalyst system could affect the
catalyst performance in terms of resistance to coke formation [125]. The oxidation state of metals in a
bimetallic catalyst system can be affected through the deposition mode, that is, if they were simultaneously
or sequentially deposited unto the catalyst support [195]. Changing the deposition methods during the
synthesis of bimetallic supported catalysts can also result in phase segregation, alloy formation, and
covering of metal by another [152]. Phase changes in a bimetallic system containing the same metals and
composition may result in a difference in catalyst activities.
The impregnation method and impregnation sequence could affect the metal-metal and metalsupport interaction and thus impacting the catalytic activity [140, 217]. Özkara-Aydınoğlu, Ş. et al. [195],
studied the influence of impregnation strategy on the performance of Pt/ZrO2 catalyst promoted with Ce
promoted Pt/ZrO2 and reported that the 1 wt.%Ce-1wt.%Pt/ZrO2 catalyst prepared using the
coimpregnation had higher CH4, and CO2 conversions and H2:CO than that prepared by the sequential
impregnation due to an intensive surface interaction between Pt and Ce that improved Pt dispersion and
increased the number of Ce 3+ sites. Similarly, Sun et al. [111] reported that the co-impregnated Ca modified
Co-Ce-M/AC-N presented a higher conversion than the sequentially impregnated sample. Also, the coimpregnated catalysts had a superior coking resistance ability. The co-impregnated Ca modified Co-CeM/AC-N's higher performance resulted from a combination of stronger metal-support interaction and higher
active metal dispersion. In their study on the metal precursor impregnation sequence effect on the structure
and performance of NiCo/MgO catalyst in coke oven reforming of carbon dioxide, Jing et al [217] reported
that the interaction between the metals (Ni & Co) deposited was hugely affected by the metal precursor
sequence and led to differences in CO2 sorption capacity. They observed that initial impregnation of the
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support with Co before Ni in the sequentially impregnated sample resulted in the development of a catalyst
with enhanced catalytic activity and improved stability. The superior performance emanates from the
impregnation sequence causing strong metal-support interaction, enhanced CO2 adsorption, smaller sized
Ni particles, and higher metal dispersion. Albarazi et al. [218] reported on the resulting impact of using
differently synthesized ceria-zirconia doped Ni/SBA-15 catalysts for methane dry reforming. They
observed that the samples prepared by two step impregnation had higher CH4 and CO2 conversions. In
addition, the different impregnation also led to differences in the NiO crystallite size and percentage loss in
catalytic activity.
Despite findings of literature discussed above, there are still unanswered questions on how the role
of impregnation strategy influences the interaction between two active metals and active metal-promoter
interaction in bimetallic systems. Moreover, there are limited studies on the use of Pt-Mg-CZO based
catalysts for low temp dry reforming. Therefore, the objective of this work is to get a better understanding
of how and why the impregnation method affects catalyst performance. We chose to work on this catalyst
composition based on their performance in our previous study on the effect of metal content on the dry
reforming performance of Pt/ceria-based catalysts[209]. The metal loadings chosen in this work are those
of the best performing samples (0.16wt%Pt-2.7wt%Ni-Ce0.6Zr0.4O2 and 0.16wt%Pt-0.50wt%NiCe0.6Zr0.4O2. This present study investigates how the material properties and performances are influenced
by the metal impregnation strategy and the sequence of metal loadings and see if improved catalyst
performance can be obtained by changing the deposition method.
3.2 Experimental Section
3.2.1 Materials
The chemicals used for the catalyst synthesis consisted of cerium (III) nitrate hexahydrate-99.5%
(Ce(NO3)3.H2O, Alfa Aesar), zirconium dinitrate oxide hydrate - 99.9 % (ZrO(NO3)2.XH2O, Alfa Aesar),
nickel (II) nitrate hexahydrate-99.9985 (Ni(NO3)2. 6H2O, Alfa Aesar), magnesium nitrate hexahydrateACS, (98.0 -101.0%) (Mg(NO3)2.6H2O, Alfa Aesar), chloroplatinic acid hexahydrate (H2PtCl6.6H2O,
Sigma-Aldrich) and ACS grade ammonium hydroxide (NH3 assay: 28 – 30, VWR).
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3.2.2 Metal (s) Impregnation
The catalyst support (Ce0.6Zr0.4O2) with ceria: zirconia molar ratio of 0.6:04 was prepared using the
coprecipitation of the ceria and zirconia precursors with ammonium hydroxide solution. A more detailed
synthesis procedure has been documented in our previous work [209]. The supported-metal catalysts used
in this work were prepared by co-impregnation or sequential impregnation of aqueous metal precursor
solutions. In addition, changes in the order of impregnation of the metal precursor during the process of
sequential impregnation were conducted. Table 3.1 below contains the list of the samples evaluated in this
study. The ceria-zirconia supported samples containing 0.16wt%Pt & 0.50wt%Mg will be collectively
referred to as Pt-Mg-CZO samples, and those containing 0.16wt%Pt & 2.7wt%Ni will be collectively
referred to as Pt-Ni-CZO samples at several instances in this chapter of the dissertation.
3.2.3 Characterization
Gases purchased from Airgas, Inc. were used for various reaction and characterization studies. O 2
(Ultra-high purity), CO2 (CD 1200 Instrument), He (Ultra-high purity), H2 (Ultra-high purity), and CH4
(Research grade). The equipment set up for the temperature-programmed experiments (reduction and
desorption) consisted of a quarts u-tube (4 mm ID) reactor system connected to a manifold with several
Alicat Scientific mass flow controllers. The reactor was placed inside a Thermolyne furnace equipped with
a Eurotherm 2116 PID controller for temperature control. The gas concentrations were analyzed using an
MKS Cirrus (LM99) mass spectrometer.
3.2.3.1 Temperature-programmed Reduction (TPR)
The samples (~75 mg) were placed in the quartz u-tube reactor and pretreated using 50 SCCM of
He gas at 110 ℃ for 30 min. After pretreatment in He, the sample was then cooled down to 50 ℃, and a
gas mixture consisting of 5% H2/He (total=50 SCCM) mixture was introduced for the duration of time it
took to obtain stable gas signals in the mass spectrometer (usually about 20 min). The furnace temperature
was then increased to 900 ℃ at a ramp rate of 10 ℃/min with a hold time of 1 h
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3.2.3.2 Powdered X-ray Diffraction (PXRD)
A Bruker D8 ADVANCE X-ray powder diffractometer with a LYNXEYE (1D mode) detector was
used to identify the samples' diffraction pattern. The diffractometer contains an X-ray generator with a Cu
tube with (1.5418 Å, voltage: 40 kV, and current: 40 mA. The analysis was performed in a continuous PSD
fast scan mode at scan range between 2θ angle of 10 - 90 ° at 0.400 time/step (s). Matching was done using
an X’Pert Highscore Plus software.
3.2.3.3 N2-physisorption
Quantachrome Autosorb-IQ surface area gas sorption analyzer equipped with an ASIQwin software
was used for the N2-physisorption experiments. The sample (100 mg) was placed in a 6mm small bulb
physisorption cell and outgassed for 6 h under vacuum and at 200 ℃ before each N2 physisorption analysis.
The samples’ specific surface area, pore-volume, and average pore size were calculated using data points
obtained from a 25-point adsorption-desorption isotherm.
3.2.3.4 CO2 Temperature-programmed Desorption (CO2-TPD)
The CO2-TPD experiment was conducted using the quartz u-tube reactor and mass spec equipment
setup described above. The samples were activated in a 5% H2/He (50 SCCM total) gas mixture at 300 ºC
and then cooled down to the CO2 adsorption temperature (50 ℃) under He flow. At 50 °C, a 10% CO2/He
mixture (50 SCCM) was introduced into the sample for 30 min. Following adsorption, the CO2 was purged
from the sample using 50 SCCM of He for 30 min, and the furnace temperature was increased to 800 ºC
using a ramp rate of 10 ℃/min for the desorption studies.
3.2.3.5 CO2 DRIFTS
CO2-DRIFTS measurements were gotten using a Thermo Scientific Nicolet IS50 spectrometer
equipped with a Harrick high temperature 316 stainless steel reactor cell. The reactor cell consisting of
ZnSe windows was connected to several mass flow controllers through heated gas lines. The reactor cell
was cooled using cooling channels connected to a chiller. The catalyst samples were treated under 20 SCCM
of Ar flow while being heated to 300 ℃ (10 ℃/min) to remove any adsorbed gases or impurities on the
catalyst surface. At 300℃, the samples were then reduced in-situ using a gas mixture consisting of 8 SCCM
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H2 and 20 SCCM Ar. After sample reduction for 1 h, the background was obtained at the following
temperatures (300, 250, 200, 100, and 25 ℃) while cooling down. At 25℃, 8 SCCM of CO2 and 20 SCCM
of Argon were flowed for 20 min, followed by purging with only Ar for 1 h. The TPD spectra were obtained
at the following target temperatures 25, 100, 200, 250, and 300 ℃ sample spectra were collected at a
resolution of 2 and data spacing of 0.241 cm-1, making 150 scans in total. The spectra and background were
collected using an OMNIC FTIR window-based software.
3.2.3.6 X-ray Photoelectron Spectroscopy (XPS)
The XPS measurements were obtained using a ULVAC-PHI spectrometer equipped with a
monochromated Al Kα X-ray source (1486.6 eV). The measurements were performed to obtain information
on the surface composition of the samples. The peaks from the individual region measurements were
corrected with reference to the C 1s peak at 284.8 eV assigned to adventitious carbon.
3.2.3.7 Raman Spectroscopy
The Raman spectra of the fresh and spent samples were obtained at room temperature using a
Horiba Jobin-Yvon LabRam HR800 spectrometer (NREL Colorado Facility). Instrument operation
parameters consisting of an Nd:YAG frequency-doubled laser (Torus) and a 50x long working distance
(LWD) objective microprobe in the backscattering geometry were used for spectra collection.
3.2.3.8 CO Chemisorption
The Pulse CO chemisorption experiments were conducted using an Altamira AMI-300 Lite
instrument located at the NREL facility. The instrument is equipped with TCD (135 mA, gain setting of
10). Before each analysis, the samples (approx. 100 mg) were reduced at 300 ℃ for 1 h using a 4%H2/Ar
gas mixture. The CO adsorption was done after He purge was done and the sample cooled to 30 ℃. A 500
uL sample loop was used to pulse 10%CO/He into He stream and a total of 25 pulses was injected with
saturation levels (constant pulse effluent area) being evident between the 21st and 25th pulse.
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3.3 Catalyst Activity Tests
3.3.1 Methane Decomposition Experiments
Methane decomposition experiments were performed using a similar reactor setup and the
procedure described for the temperature-programmed characterization experiments. The samples were
reduced in 5% H2/He gas mixture at 300 ℃ for 1 h before beginning the methane decomposition reactions.
Approximately 35 mg of catalyst samples were placed in the reactor, and a gas mixture containing 5%
CH4/He (50 SCCM) was used for the experiment. The experiment was performed by linearly increasing
temperature from 100 to 900 ℃ using a ramp rate of 10 ℃/min. The CH4 conversion was calculated using
equation 3.1.
Temperature-programmed oxidation experiment was conducted on the spent samples to determine
the amount and nature of the carbon deposited on the samples during the CH4 decomposition experiments.
Following the cooling of the sample to 50 ℃, 5 SCCM of O2 and 45 SCCM of He was passed over the
sample for 30 min and the furnace temperature was linearly increased at 10 ℃ to 900 ℃.
3.3.2 Dry Reforming Experiment
The dry reforming experiments for the Pt-Ni-CZO samples were performed between 430 - 470 ℃,
and that of the Pt-Mg-CZO samples was performed between 470 - 510 ℃. Approximately 20 mg of Pt-NiCZO samples and 75 mg of Pt-Mg-CZO samples were used for the experiment. Before the dry reforming
experiments, the samples were activated using a similar procedure and gas composition used in the CH4
decomposition experiment. After sample activation at 300 ℃, a gas mixture of He (37.84 SCCM), CH 4
(3.08 SCCM), and CO2 (3.08 SCCM) was flowed through the sample for 30 min before linearly increasing
the furnace temperature to the initial reaction temperature.
The percentage CH4 conversion (XCH4 (%)) and percentage CO2 conversion (XCO2 (%)) conversions
and reaction rate were calculated using equations 3.1-3.3:
𝑋𝐶𝐻4 (%) =
𝑋𝐶𝑂2 (%) =

𝐹𝐶𝐻4(𝑖𝑛) −𝐹𝐶𝐻4(𝑜𝑢𝑡)
𝐹𝐶𝐻4(𝑖𝑛)
𝐹𝐶𝑂2(𝑖𝑛) −𝐹𝐶𝑂2(𝑜𝑢𝑡)
𝐹𝐶𝑂2(𝑖𝑛)

∗ 100

(3.1)

∗ 100

(3.2)
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R(

µmol
gcat .s

) = GHSV

µmol
gcat .s

∗ conversion (X) ∗ reactant concentration (3.3)

FCH4(in) and FCH4(out) are the inlet and outlet molar flow rates of CH4, FCO2(in) and FCO2(out) are the inlet
and outlet molar flow rates of CO2 and GHSV is the gas hourly space velocity. Aspen Plus software was
used in the CH4, and CO2 equilibrium conversions calculation
The CH4 turnover frequency was calculated using equation 3.4:
𝑇𝑂𝐹 (𝑠 −1 ) =

𝑅𝐶𝐻4
𝐷𝐶𝐻4

(3.4)

RCH4 is the CH4 reaction rate in µmol/(gcat.s), and DCH4 (µmol/gcat) is the density of active surface
sites for CH4 activation determined by pulse CO chemisorption.
The metal dispersion was estimated using equation 3.5
%Dmetal = (n x

𝑉𝑎𝑑𝑠
⁄𝑉 x 𝑀. 𝑊⁄𝑚 x100) x 100
𝑔

(3.5)

%Dmetal is the % metal dispersion, n is the stoichiometry factor, Vads is the volume of CO adsorbed (cm3/gcat),
Vg is the molar volume of gas at STP (22414 cm3/mol), M.W is the molecular weight of Ni and m is the wt
% of Ni in 1 g of the sample.
The metal dispersion of the bimetallic Pt-Ni-CZO samples was calculated by assuming that in these
catalyst systems the CO gets adsorbed on only the Ni active sites. For our calculations, we assumed a Ni:CO
stoichiometry of 1. Considering that this a bimetallic system and it is impossible to accurately define the
stoichiometry and determine on what sites the CO adsorption takes place. This calculation was done to
obtain some relative comparison of how the metal dispersion is impacted by changing the metal deposition
method
3.4 Results
3.4.1 Characterization Results
3.4.1.1 Pore Structure Parameters, Sample Crystallinity, and Phase Identification
Quantitative information on the specific surface area, pore-volume, and average pore diameter was
obtained using N2 physisorption analysis (Table 3.2). The samples had a similar specific surface area with
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values between 31- 39 m2/g. For the Pt-Ni-CZO samples, the sequentially impregnated samples having Pt
as the initial metal deposited had lower average pore diameters than other samples, and a possible
explanation is the presence of larger Pt clusters in these samples, which reduces the pore diameter to a
greater extent than the other samples. This result is consistent with 0.16Pt/2.7Ni-CZO-seq having the lowest
pore volume of 0.06, a 40 % reduction in pore volume compared to the support alone. The pore size
distribution of the samples is shown in Figure 3.1 and a larger distribution of the pore sizes was below the
largest pore size.
Information on the crystallinity and phase structure of fresh samples was obtained using PXRD
(Figure 3.2) and Raman spectroscopy (Figure 3.3). The major peak seen in the Raman spectra was present
at around 470 cm-1, and this is attributed to the F2g bands of fluorite-structured ceria-zirconia [219, 220].
Diffraction patterns depict the cubic-fluorite phase of the ceria-zirconia solid solution and are corroborated
by the available bands in the Raman spectra. No diffraction lines for Pt, Mg, Ni, or metal alloys were
observed in any of the samples, and this can be explained by small metal particle size or low metal loadings
[209]. Due to this, no useful information about changes in crystalline structure because of changing the
metal impregnation could be drawn.
3.4.1.2 Effect of Impregnation Method on Sample Reducibility
Following the PXRD analysis and Raman analysis results which indicated that the catalyst material
consisted of a solid solution of ceria-zirconia, which is known to be a reducible oxide material[84],
temperature-programmed reduction was performed to evaluate the degree of the interaction between the
impregnated metals and the support material. Figure 3.4a shows the temperature reduction profile for the
series of Pt-Ni-CZO catalyst samples, the expected reduction peaks are for NiO and ceria(surface and bulk).
The reduction of surface ceria in the Pt-Ni-CZO samples which occurred because of H spillover from the
Pt metal to the ceria surface followed the trend: 0.16Pt&2.7Ni-CZO-co (at 242 ℃) < 0.16Pt/2.7Ni-CZOseq (at 275 ℃) < 2.7Ni/0.16Pt-CZO-seq (at 280℃). It is expected that, with a closer interaction between
the Pt metal and the ceria surface, the easier of surface ceria’s reducibility. Hence, the observed trend
indicated that the weakest interaction between Pt and ceria surface was present in 2.7Ni/0.16Pt-CZO-seq.
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Additionally, we checked for trends in the reduction of another metal oxide (NiO) in the Pt-NiCZO samples. We found that the NiO reduction temperature followed the trend 0.16Pt/2.7Ni-CZO-seq
(360℃) < 0.16Pt&2.7Ni-CZO-co (392 ℃) <2.7Ni/0.16Pt-CZO-seq (412 ℃). As previously reported[103,
221], the metal-support interaction plays a role in the reduction of NiO, and the difference in the reduction
temperature of NiO is an indication of the extent of the NiO-support interaction. This led to the conclusion
that the highest NiO reduction temperature of 412 ℃ presented by 2.7Ni/0.16Pt-CZO-seq was a clear
indication that the NiO-support interaction was strongest in it. Also, looking at how the reduction peak of
NiO (455 ℃) of the bare (non-noble promoted) 2.7Ni-CZO (Figure 3.4a) compared to the Pt-Ni-CZO
samples, the promotion of NiO reduction by Pt metals through the formation of Pt-Ni bond and this led to
an additional point of conclusion that the Pt-Ni bond is strongest in the sample with the lowest NiO
reduction temperature (0.16Pt&2.7Ni-CZO-co). The higher the reduction temperature, the smaller the
particle size and the higher the dispersion [129, 222]. This could indicate that impregnating the support
material first with Ni results in a sample with higher NiO dispersion than those prepared with the coimpregnation of both metal precursors or by firstly depositing the Pt precursor.
The reduction peaks of the surface and bulk ceria in the Pt-Mg-CZO samples (Figure 3.4b) followed
the trend: 0.50Mg/0.16Pt-CZO-seq (228 ℃) < 0.16Pt&0.50Mg-CZO-co (294 ℃) < 0.16Pt/0.50Mg-CZOseq (420 ℃). Considering that the reduction of surface ceria depends on the H2 spillover from the reduced
Pt metal, the ease of reducibility of Pt oxide in the samples would directly influence surface ceria reduction.
The reduction temperature is highest in 0.16Pt/0.50Mg-CZO-seq because of the Mg oxide atoms preventing
the adsorption of and subsequent dissociation of H2 molecule on Pt. In addition, there the initial reduction
of MgO taking place as seen by the additional peak at 234 ℃ before the reduction of PtO in 0.16Pt/0/50MgCZO delays the reduction of surface ceria. The weak interaction of the MgO with ceria as a result of Mg
precursor deposition on Pt-ceria zirconia causes the occurrence of its reduction at a lower temperature than
that previously reported [223]. Another plausible explanation is the strong Pt-ceria bond from the first
impregnation and calcination step, limiting the ability of Pt to adsorb H2 [224].
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3.4.1.3 X-ray Photoelectron Spectroscopy
Information on the chemical states of the metal elements present in the fresh samples was obtained
using XPS and presented in Figures 3.5 and 3.6. The XPS profiles of the Pt 4f and Ni 2p regions of fresh
0.16Pt&2.7Ni-CZO-co and 2.7Ni-0.16Pt-CZO-seq samples are shown in Figure 3.5. The Pt 4f region of
0.16Pt&2.7Ni-CZO-co presented a band at 71.1 eV belonging to Pt 4f7/2. The Pt 4f peak of 2.7Ni/0.16PtCZO-seq was present at a higher energy value of 73 eV. The difference in binding energy value indicates
a difference in oxidation states of Pt[224]. Pt is present in its metallic state in 0.16Pt&2.7Ni-CZO-co and a
partially oxidized form of Pt is present in 2.7Ni/0.16Pt-CZO-seq. The lower oxidation state of Pt is evident
of electron transfer from Ptδ+ to Ni as a result of stronger metal-metal interaction from coimpregnation of
both metals. The higher peak area of Pt 4f in 0.16Pt&2.7Ni-CZO-co means the interaction between Pt and
ceria is weaker in comparison to that in 2.7Ni/0.16Pt-CZO-seq.
The Ni 2p spectrum of 0.16Pt&2.7Ni-CZO-co showed a peak belonging to Ni 2p3/2 at 856.2 eV and
a satellite Ni 2p3/2 Ni(OH)2 peak at 860.4 eV. The Ni 2p spectrum of 2.7Ni/0.16Pt-CZO-seq presented a
peak at 855.9 eV but with no satellite peak. The Ni 2p peak area of 0.16Pt&2.7Ni-CZO-co was higher than
that of 2.7Ni/0.16Pt-CZO-seq (Table 3.3) and this indicates that the Ni-support interaction is stronger in
2.7Ni/0.16Pt-CZO-seq compared to 0.16Pt&2.7Ni-CZO-co. This agrees with the higher reduction
temperature of NiO in 2.7/0.16Pt-CZO-seq that was observed from the H2-TPR studies
Figure 3.6 displays the Pt 4f and Mg 1s spectra of fresh 0.16Pt&0.50Mg-CZO-co and
0.50Mg/0.16Pt-CZO-seq samples. The Pt 4f spectrum of 0.16Pt-0.50Mg-CZO-co indicates a peak at 72.4
eV belonging to Pt 4f7/2. The Pt 4f 7/2 peak of 0.50Mg/0.16Pt-CZO-seq had a binding energy value of 72.5
eV. The Mg 1s spectrum of 0.16Pt&0.50Mg-CZO-co presented a peak belonging to Mg 2+at 1304.6, and
that of 0.50Mg/0.16Pt-CZO-seq was at a higher binding energy of 1304.9 eV.
3.4.1.4 CO Uptake Measurements
The CO uptake values of reduced catalyst samples were determined through pulse CO
chemisorption experiments and the results are shown in Table 3.5. Several factors contribute to the amount
of CO uptake during chemisorption experiments and these include the fraction of available metallic sites
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(Pt and Ni) for CO adsorption, the amount of oxygen vacancies in the case of support materials with oxygen
vacancies, the metal-promoter interaction[225] and the metal-support interaction [167]. In addition to CO
adsorption on active metal sites such as Pt, the adsorbed CO also interacts with the surface OH- groups to
form carbonates [226]. In addition, there is also the possibility of CO interaction with Mg 2+ ions present in
the Pt-Mg-CZO samples[223, 227].
As shown in Figure 3.16, the CO uptake of the Pt-Ni-CZO samples followed the trend:
0.16Pt&2.7Ni-CZO-co < 2.7Ni/0.16Pt-CZO-seq < 0.16Pt/2.7Ni-CZO-seq. The lowest CO uptake value
obtained from 0.16Pt&2.7Ni-CZO-co could be explained by its strength of Pt-Ni alloy, increasing alloy
formation has been reported to reduce CO chemisorption [228]. The CO uptake of 2.7Ni-0.16Pt-CZO-seq
is due to a higher fraction of metallic Pt sites for CO adsorption. Theoretically, there are more amount of
Ni atoms than Pt atoms in the sample and this may explain the 0.16Pt/2.7Ni-CZO-seq having a higher CO
amount than 2.7Ni/0.16Pt-CZO-seq. Considering that CO adsorption is also possible on ceria, it is also
logical to consider its role in the differences in CO uptake recorded. The degree of reduction of ceria
determines the amount of surface oxygen vacancies present to interact with CO and this decreases with
increased reducibility of ceria[226]. A comparison of the CO uptake of the Pt-Mg-CZO catalyst series is
shown in Figure 3.17 and the observed trend was 0.50Mg/0.16Pt-CZO-seq < 0.16Pt/0.50Mg-CZO-seq <
0.16Pt&0.50Mg-CZO-co. From the impregnation method, it is expected that the 0.50Mg/0.16Pt-CZO-seq
would have an upper layer of Pt atoms that would favor CO adsorption; therefore, it should have the highest
CO uptake. However, a deviation from the expected outcome suggests that in addition to the fraction of
available Pt metallic sites, additional CO adsorption on ceria also takes place on the Pt-Mg-CZO samples.
0.50Mg/0.16Pt-CZO-seq would have the lowest amount of surface oxygen vacancies for interaction with
CO because of its easier reducibility in comparison to other samples. Plausible explanations for
0.16Pt/0.50Mg-CZO-seq having the highest amount of adsorbed CO despite having an outer layer of Mg
atoms are CO interaction with the readily available amount of surface oxygen vacancies, interaction with
Mg 2+ ions, and low interaction with metal and support[167] which was supported by the high reduction
temperature (420 ℃) of surface ceria from the TPR studies.
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3.4.1.5 Sample Basicity
In-situ TPD CO2 measurements were used to evaluate the surface basicity of the samples. CO2
adsorption on basic sites results in the formation of carbonates like structures such as bicarbonates,
monodentate carbonates, and bidentate carbonates [229]. The formation of bicarbonates involves the
surface hydroxyl species [229], monodentate carbonates are formed from the interaction with low
coordination or isolated O2- anions present in edges [230] or terrace sites, and bidentate carbonates are
formed on Lewis acid-base pair.
The TPD-CO2 spectra obtained are shown in Figures 3.7 & 3.8 and the assignments of the peaks
obtained at room temperature (RT) are shown in Tables 3.6 and 3.7 However, the absence of certain peaks
were observed in some of the samples based on the method of impregnation. For instance, at room
temperature (RT), the carbonate peak (1637 – 1638 cm-1) and the bidentate carbonate peak (1581- 1583
cm-1) present in 0.16Pt&2.7Ni-CZO-co and 2.7Ni/0.16Pt-CZO-seq samples are absent in 0.16Pt/2.7NiCZO-seq (Figure 3.7). The monodentate carbonate peak (1534 cm-1) and carbonate peaks (1523 cm-1)
present in the 0.16Pt&2.7Ni-CZO-co and 0.16Pt/2.7Ni-CZO-seq samples were absent in 2.7Ni/0.16PtCZO-seq. In addition to the observance of differences in the peaks, there were also noticeable differences
in the peak intensities. The monodentate carbonates (1070 and 1459 cm-1) are only present in the
0.16Pt/2.7Ni-CZO-seq sample. The Pt-Mg-CZO samples also presented some differences in peak formation
and intensities, as presented in Figure 3.8 and Table 3.7. The differences indicate that the metal
impregnation method and impregnation sequence affected the surface basicity to an extent and resulted in
the presence of different sites for the formation of carbonates.
3.4.2 Catalyst Test Results
3.4.2.1 Methane Decomposition
Methane decomposition experiments were performed with the Pt-Ni-CZO and Pt-Mg-CZO
samples. This experiment was performed because methane decomposition is a crucial step in dry reforming,
and this is because, during this step (equation 3.6), CH4 gets activated on the active metal sites or at the
metal-support interface.
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CH4 ⇋ C + 2H2 (ΔHº = +74.52 kJ/mol)

(3.6)

The CH4 conversion results from the methane decomposition experiments are shown in Figure 3.9.
The Pt-Ni-CZO samples presented two activity regions at separate temperature ranges (400-650 ℃) and
(750- 900 ℃). The CH4 conversion of the Pt-Ni-CZO samples (Figure 3.9a) increased with increasing
temperature from 100 ℃ before peaking between 520-536 ℃ in the Pt-Ni-CZO samples and then started
to decrease until around 650 ℃. A similar reduction in CH4 conversion has been reported by Ermakova et
al [231]. The initial decrease in catalyst conversion is due to carbon deposition encapsulating the catalyst’s
active sites [231, 232]. At around 750 ℃, an increase in CH4 conversion was observed, and this increase
was due to the regeneration of the encapsulated active sites by gasification of the carbon by either H 2O or
CO2. The highest conversion of the Pt-Ni-CZO samples was obtained from 2.7Ni/0.16Pt-CZO-seq, and
0.16Pt-2.7Ni-CZO-co gave the lowest CH4 conversion.
The CH4 conversion of the Pt-Mg-CZO samples increased with temperature and the lowest
conversion was obtained from 0.16Pt/0.50Mg-CZO-seq (Figure 3.9b). The lower CH4 conversion obtained
from the 0.16Pt/0.50Mg-CZO seq sample can be explained by less rich Pt metals on the catalyst surface or
the blocking of the active Pt sites by MgO particles to a larger extent than the other samples.
Changes in product formation with temperature during the CH4 decomposition experiments are
shown in Figures 3.10, and their quantified amounts are shown in Table 3.8. The initial products formed
from the CH4 decomposition experiment are H2O and CO. Their formation is because of further reduction
of the incompletely reduced sample in a CH4 reducing environment [169, 233]. The reduction of the metal
oxides also led to the formation of CO and H2 by CH4, although this is to a lesser extent in comparison the
production of H2 from the dissociation of CH4 on the active metal surface.
As shown in Table 3.8, the amount of H2 produced from the CH4 decomposition experiment varied
in the Pt-Ni-CZO samples, with 2.7Ni/0.16Pt-CZO-seq having the highest amount of 17.0 mmol/gcat.
2.7Ni/0.16Pt-CZO-seq also produced the lowest H2O and CO2 with values of 0.27 mmol/gcat and 0.09
mmol/gcat, respectively. The amount of products from CH4 decomposition experiment performed with PtMg-CZO samples are shown in Table 3.8. The H2 produced followed the trend: 0.16Pt/0.50Mg-CZO58

seq>0.16Pt&0.50Mg-CZO-co>0.50Mg/0.16Pt-CZO-seq

and

that

of

CO
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the

trend:

0.16Pt/0.50Mg-CZO-seq>0.50Mg/0.16Pt-CZO-seq > 0.16Pt&0.50Mg-CZO-co.
3.4.2.2 TPO Experiment-Post-CH4 Decomposition
Figure 3.11 shows the CO2 formation from the TPO experiments conducted after the CH4
decomposition experiments. It was observed that CO2 formed at two different temperature conditions (<
300 ℃ and > 300 ℃) on the Pt-Ni-CZO samples (Figure 3.11a), indicating the presence of two different
types of carbon and those formed on the Pt-Mg-CZO samples (Figure 3.11b) were formed only below 300
℃. The temperature at which the CO2 was formed indicates the type of carbon that was deposited on the
sample during the CH4 decomposition experiment. The CO2 formed below 300 ℃ is a result of amorphous
carbon and those above 300 ℃ from carbon filaments [33, 234]. The amount of CO2 produced by the PtNi-CZO samples followed the trend 2.7Ni/0.16Pt-CZO-seq > 0.16Pt-2.7Ni-CZO-seq>0.16Pt&2.7Ni-CZOco. The CO2 formed by the Pt-Mg-CZO samples followed the trend 0.16Pt&0.50Mg-CZO-co =
0.50Mg/0.16Pt-CZO-seq > 0.16Pt/0.50Mg-CZO-seq
3.4.2.3 Dry Reforming Experiment
The conversion results obtained from steady-state dry reforming reactions performed with both the
Pt-Ni-CZO and Pt-Mg-CZO samples are shown in Figure 3.12. The CH4 and CO2 conversion expectedly
and H2:CO molar ratios increased with increasing temperature due to the endothermicity of dry reforming
reactions. 0.16Pt&2.7Ni-CZO-co gave the highest CH4 and CO2 conversions of the Pt-Ni-CZO samples
(Figures 3.12a and 3.12c), and 0.50Mg/0.16Pt-CZO-seq gave the highest conversions of the Pt-Mg-CZO
samples (Figures 3.12b and 3.12d). The CH4 and CO2 reaction rates for Pt-Ni-CZO samples are shown in
Figure 3.12. At most of the temperature conditions tested, the CH4 and CO2 reaction rates followed the
trend: 2.7Ni/0.16Pt-CZO-seq < 0.16Pt/2.7Ni-CZO-seq < 0.16Pt&2.7Ni-CZO-co. The differences in the
reaction rates of the Pt-Ni-CZO samples led to differences in the calculated apparent activation energies of
the Pt-Ni-CZO samples presented in Table 3.9.
The impregnation method influenced the catalytic activity of Pt-Mg-CZO samples in the dry
reforming reaction to a larger extent in comparison to the Pt-Ni-CZO samples. The reaction rates of both
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CH4 and CO2 followed the same trend: 0.16Pt/0.50Mg-CZO-seq < 0.16Pt&0.50Mg-CZO-co <
0.50Mg/0.16Pt-CZO-seq (Figure 3.14a and Figure 3.14b). The low reaction rate of 0.50Mg/0.16Pt-CZO
could be because of Mg atoms blocking the Pt active sites and therefore reducing CH4 dissociation. The
larger extent of the influence of the metal deposition method on the Pt-Mg-CZO samples may be due to Mg
having a higher affinity for O2 species; hence a close interaction with ceria is achieved when it is
impregnated first [217]. The apparent CH4 and CO2 activation energies followed the same trend as the
reactants’ conversion and reaction rates (Table 3.9). The apparent CO2 activation energies of the samples
are higher than those of CH4 because of the occurrence of a side reaction: reverse water gas shift reaction.
The TOF obtained with the Pt-Ni-CZO samples (Figure 3.15a) shows that the TOF of
0.16Pt&2.7Ni-CZO-co was significantly higher than those prepared using the sequential impregnation
method. At all temperatures, there was barely any difference between TOFs of the sequentially impregnated
Pt-Ni-CZO samples. Figure 3.16 shows a comparison between the TOFs (at 470 ℃), metal dispersion, and
CO uptake of the Pt-Ni-CZO samples. At 470℃, the highest TOF of 0.94 s-1 was observed in 0.16Pt&2.7NiCZO-co sample while there no difference between those of the sequentially impregnated samples with
values of 0.56 s-1 and 0.57 s-1 for the 0.16Pt/2.7Ni-CZO-seq and 2.7Ni/0.16Pt-CZO-seq , respectively.
Figure 3.15b compares the TOF values of the Pt-Mg-CZO samples, the co-impregnated 0.16Pt&0.50MgCZO sample had the lowest TOF, and 0.50Mg/0.16Pt-CZO reported the highest TOF value. The TOF
followed the trend: 0.50Mg-0.16Pt-CZO-co <0.16Pt/0.50Mg-CZO-seq < 0.50Mg/0.16Pt-CZO-seq
3.5 Conclusion
The simultaneous or successive impregnation of metal precursors unto the support resulted in PtNi-CZO and Pt-Mg-CZO samples with different structures. The first one is the reducibility of the samples
which was influenced by the metal-metal and metal-support interaction. The impregnation method
influencing the reducibility is strongly dependent on the catalyst components. This would explain the reason
while the samples with the most reducibility in the Pt-Ni-CZO samples and Pt-Mg-CZO were those made
with different impregnation methods: coimpregnation in the case of Pt-Ni-CZO and sequential
impregnation in Pt-Mg-CZO. The effect of the difference in metal-support interaction of the sample due to
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changing the metal impregnation method was also observed in the measured CO uptake and the XPS
profiles.
The surface oxygen vacancies available for reaction with CO2 changed with the different
impregnation methods, and this affected the strength of the catalyst’s basicity. This difference in catalyst
basicity also accounts for the difference in reforming activity observed as higher basicity enables higher
CO2 adsorption, to a more considerable extent, in the Pt-Mg-CZO samples. It was observed from the TPDCO2 studies and the dry reforming test results that there was an inverse relationship between the catalyst
reforming activity and basicity. The decrease in catalytic activity with basicity is an indication of CO2
adsorption on strong basic sites on the catalyst surface which the rate of CO2 dissociation and subsequent
reaction with CH4.
A direct correlation between the catalyst activity in both CH4 decomposition and dry reforming and
the reducibility of the surface ceria and the reforming activity of the two series of catalysts studied was also
observed. The impact of the impregnation method on the reducibility of the sample was more significant in
Pt-Mg-CZO, and this translated to the observed difference in reforming activity. This was also due to a
lower interaction between Pt-Mg in comparison to Pt-Ni.
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Table 3.1 List of catalyst materials examined in this study
Pt content Ni content Mg content Sample notation a
(wt %)
(wt %)
(wt %)
0.16
2.7
0.16Pt&2.7Ni-CZOco
0.16
0.50
0.16Pt&0.50MgCZO-co
0.16
2.7
2.7Ni/0.16Pt-CZOseq
0.16
2.7
0.16Pt/2.7Ni-CZOseq
0.16
0.50
0.50Mg/0.16Pt-CZOseq

Mode and order of metal
impregnation
Metals
were
coimpregnated
Metals
were
coimpregnated
Ni impregnation, followed
by Pt impregnation
Pt impregnation, followed
by Ni impregnation
Mg
impregnation,
followed
by
Ni
impregnation
0.16
0.50
0.16Pt/0.50Mg-CZO- Pt impregnation, followed
seq
by Mg impregnation
a ‘&’ indicates coimpregnated and ‘/’ sequentially impregnated samples, respectively

Figure 3.1 Pore size distribution. (a) Pt-Ni-CZO samples (b) Pt-Mg-CZO samples
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Table 3.2 Pore structure parameters of the fresh samples
Samples

CZO

Surface area Pore
volume Avg.
pore
(m2/g)
(cm3/g)
diameter
(nm)
45
0.10
8.3

0.16Pt&2.7Ni-CZO-co

32

0.08

9.3

2.7Ni/0.16Pt/CZO-seq

39

0.09

9.2

0.16Pt/2.7Ni/CZO-seq

32

0.06

8.0

0.16Pt&0.50Mg-CZO31
co [209]
0.50Mg/0.16Pt-CZO-seq 28

0.07

9.8

0.07

9.3

0.16Pt/0.50Mg-CZO-seq 32

0.07

8.4

[209]

Figure 3.2 Powder XRD patterns of fresh samples.(a)Pt-Ni-CZO samples, (b)Pt-Mg-CZO
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Figure 3.3 Raman spectra of fresh samples

Figure 3.4 Temperature programmed reduction profiles. (a)2.7Ni-CZO and Pt-Ni-CZO samples,
(b)0.50Mg-CZO and Pt-Mg-CZO samples
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Figure 3.5 XPS region profiles of select fresh Pt-Ni-CZO samples. a)Pt 4f region of 0.16Pt&2.7Ni-CZOco, b)Pt 4f region of 2.7Ni/0.16Pt-CZO-seq, c)Ni 2p region of 0.16Pt&2.7Ni-CZO-co, d) Ni 2p region of
2.7Ni/0.16Pt-CZO-seq
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Figure 3.6 XPS region profiles of select fresh Pt-Mg-CZO samples. a)Pt 4f region of 0.16Pt&0.50Mg-CZOco, b)Pt 4f region of 0.50Mg/0.16Pt-CZO-seq, c)Mg 1s region of 0.16Pt&0.50Mg-CZO-co, d) Mg 1s region
of 0.50Mg/0.16Pt-CZO-seq
Table 3.3 Peak position, full width at half maximum (FWHM), and area of Ni 2p and Pt 4f peaks of
0.16Pt&2.7Ni-CZO-co and 2.7Ni/0.16Pt-CZO-seq samples
0.16Pt&2.7Ni2.7Ni/0.16Pt-CZOCZO-co
seq
Peak (eV)
856.2
856.2
Area
990.3
904.4
Ni 2p3/2
FWHM
3.7
3.7
Peak
(eV)
860.4
862.3
Ni 2p
Area
622.3
705.9
satellite
Ni 2p
peak
FWHM
3
3
Peak (eV)
71.1
73
Area
393.2
112.8
Pt 4f
Pt 4f7/2
FWHM
2.5
1.1
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Table 3.4 Peak position, full width at half maximum (FWHM), and area of Mg 1s and Pt 4f peaks of
0.16Pt&0.50Mg-CZO-co and 0.50Mg/0.16Pt-CZO-seq samples
0.16Pt&0.50Mg0.50Mg/0.16PtCZO-co
CZO-seq
Peak (eV)
1304.6
1304.9
Area
1997
4373.1
Mg 1s
Mg 1s
FWHM
2.6
2.9
Peak (eV)
72.4
72.5
Area
154.3
355.9
Pt 4f
Pt 4f
FWHM
2.4
2.3
Table 3.5 CO uptake values of reduced samples. Reduced at 300 ℃
Sample
0.16Pt&0.50Mg-CZO-co
0.16Pt/0.50Mg-CZO-seq
0.50Mg/0.16Pt-CZO-seq
0.16Pt&2.7Ni-CZO-co
0.16Pt/2.7Ni-CZO-seq
2.7Ni/0.16Pt-CZO-seq

CO uptake
(µmol/gcat)
27.8
22.1
20
11.4
18.2
17.4

Figure 3.7 TPD-CO2 spectra of the Pt-Ni-CZO samples. (a) Spectra obtained at room temperature (RT), (b)
Spectra obtained at 100 ℃, (c) Spectra obtained at 200 ℃ and (d) Spectra obtained at 250 ℃
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Figure 3.8 TPD-CO2 spectra of the Pt-Mg-CZO samples. (a) Spectra obtained at room temperature (RT),
(b) Spectra obtained at 100 ℃, (c) Spectra obtained at 200 ℃ and (d) Spectra obtained at 250 ℃
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Table 3.6 IR peak assignments of the TPD spectra obtained over the Pt-Ni-CZO samples at room
temperature (RT)

0.16Pt&2.7Ni-CZO-co
1639

0.16Pt/2.7Ni- 2.7Ni/0.16PtCZO-seq
CZO-seq
Assigned peaks
1630
1637
Carbonates [235]

1607

1601

1581
1534
1526

1611

1583
1534
1523

-

1459

1446

1445

1446

1396
1354

1308
1283

1278

1070

1070

1281

1059
1043

Formate species (1599)[236]
Bidentate carbonate
(1586)[237], Bidentate
carbonate (1580) [238],
Formates (1580) [168]
Monodentate carbonates
(1538) [238]
Carbonates [239]
Monodentate carbonates
/1460[238]
Monodentate carbonates
[240], Symmetric stretch
bicarbonate (1430-1448)
[229, 239],
Monodentate carbonate/ 1390
[238] or Bridged carbonates
[240]
Bidentate carbonate (1350)
[164]
1300-1360 symmetric
stretching of bidentate
carbonate [168]
Bidentate carbonates/ 1286
[240]
Monodentate carbonates/1062
[240]
Monodentate carbonates/
1060[238, 240]
Bidentate carbonates/1045
[238]
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Table 3.7 IR peak assignments of the TPD spectra obtained over the Pt-Ni-CZO samples at room
temperature (RT)
0.16Pt&0.50Mg- 0.50Mg/0.16Pt- 0.16Pt/0.50MgAssignment
CZO-co
CZO-seq
CZO-seq
1658
Monodentate formate [239]
1643
Bicarbonate [239]
1638
Carbonates [235]
Monodentate
carbonates/1538, 1540
1539
surface formate species [182]
Symmetric stretch
bicarbonates [229, 239],ionic
1440
1443
1444
carbonate species [168]
1350 Bidendate carbonates
1349
[164]

Figure 3.9 CH4 conversion results from CH4 decomposition experiments. (a)Pt-Ni-CZO samples, (b)PtMg-CZO samples
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Figure 3.10 CH4 conversion and formation of H2, H2O, CO, and CO2 from CH4 decomposition experiment.
a) 0.16Pt&2.7Ni-CZO-co, b)0.16Pt&0.50Mg-CZO-co, c)2.7Ni/0.16Pt-CZO-seq, d)0.50Mg/0.16Pt-CZOseq, e)0.16Pt/2.7Ni-CZO-seq, f)0.16Pt/0.50Mg-CZO-seq
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Table 3.8 Amounts of H2, H2O, CO, and CO2 formed during CH4 decomposition experiment
Moles produced (mmol/gcat)
0.16Pt/2.7 2.7Ni/0.16 0.16Pt&0.5 0.16Pt/0.50 0.50Mg/0.1
0.16Pt&2.7
Ni-CZOPt-CZO0Mg-CZO- Mg-CZO- 6Pt-CZONi-CZO-co
seq
seq
co
seq
seq
H2
13
13
17
6.9
7.1
6.5
H2O 0.38
0.51
0.27
0.32
0.30
0.26
CO
2.0
2.2
2.0
1.8
2.3
1.9
CO2 0.13
0.19
0.090
0.13
0.090
0.13

Figure 3.11 Temperature programmed oxidation experiments. (Post-CH4 decomposition experiments).
(a)Pt-Ni-CZO samples, (b)Pt-Mg-CZO samples
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Figure 3.12 Dry reforming reaction results. P =1 atm; Flowrates: CH4/CO2/He=3.08/3.08/37.84 SCCM. a)
CH4 conversion from Pt-Ni-CZO samples, b) CH4 conversion from Pt-Mg-CZO samples, c) CO2 conversion
from Pt-Ni-CZO samples, d) CO2 conversion from Pt-Mg-CZO samples, e) H2/CO molar ratios from PtNi-CZO samples, f) H2/CO molar ratios from Pt-Mg-CZO samples
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Figure 3.13 Steady-state dry reforming reaction results. P=1 atm; Flowrates: CH4/CO2/He=3.08/3.08/37.84
SCCM. a) CH4 reaction rates for the Pt-Ni-CZO samples, b) CO2 reaction rates for the Pt-Ni-CZO samples

Figure 3.14 Steady-state dry reforming reaction results. P=1 atm; Flowrates: CH4/CO2/He=3.08/3.08/37.84
SCCM a) CH4 reaction rates for the Pt-Mg-CZO samples, b) CO2 reaction rates for the Pt-Mg-CZO samples

74

Figure 3.15 Turnover frequency values. P=1 atm; Flowrates: CH4/CO2/He=3.08/3.08/37.84. a) Turnover
frequency (TOF) obtained with the Pt-Ni-CZO samples, b) Turnover frequency (TOF) obtained with the
Pt-Mg-CZO samples

Figure 3.16 A comparison of the TOF (obtained at 470 ℃), metal dispersion and CO uptake of the Pt-NiCO samples
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Figure 3.17 A comparison of the TOF (obtained at 470 ℃), metal dispersion and CO uptake of the Pt-MgCO samples

Table 3.9 Activation energy measurements
CH4
Samples
(kcal/mol)
0.16Pt&2.7Ni-CZO-co
22.5
0.16Pt/2.7Ni-CZO-seq
26.4
2.7Ni/0.16Pt-CZO-seq
25.5
0.16Pt&0.50Mg-CZO-co
25.6
0.16Pt/0.50Mg-CZO-seq
27.6
0.50Mg/0.16Pt-CZO-seq
29.8
0.2%Pt-15%Ni/Cao-Al2O3
26.6
PtCo/CeO2
29.4
1wt%Pt/ α-Al2O3
24.7
0.5w%Rh/ α-Al2O3-(La2O3BaO)
22.1

CO2
(kcal/mol)
15.4
17.8
16.7
18.8
22.6
29.9
23.6
19.7

Temperature
conditions (K)
703-743
703-743
703-743
733-783
733-783
733-783
853-893
813-873
641-735

Reference
This study
This study
This study
This study
This study
This study
[202]
[234]
[241]

19.3

641-735

[241]

0.26wt.% Rh-0.49 wt.%Pt/
La2O3

28.9

21.1

-

[131]

0.14Ru/MgAl2O4-IWI

49.9

-

973-1123

[242]
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Chapter 4: Ceria-zirconia Supported Pt-Fe and Co-Ni Samples; their Application in Low to
Medium Temperature Dry Reforming
4.1 Introduction
Supported metal catalysts have been extensively utilized in dry reforming applications, and several
factors such as their composition, structure, and their method of preparation determines the rate activation
of the reactant gas molecules (methane (CH4) and carbon dioxide (CO2)), product selectivity (H2: CO) and
catalyst stability. The selection of the metal components and the metal composition is crucial because they
influence the dry reforming mechanism. Non-noble transition metals such as nickel (Ni), cobalt (Co), and
iron (Fe) would be ideal considerations from an economic perspective because they are relatively cheap in
comparison to noble metals[30, 64, 106, 111]. However, although active enough to result in reactant gas
molecule activation at desirable reaction conditions, these non-noble metals are unfortunately almost
accompanied by unfavorable factors such as low catalytic activity, metal reoxidation, poor catalyst stability,
and enhanced coke formation[79, 110, 114]
One of the common workarounds for such unfavorable situations has been developing bimetallic
catalyst systems that involve two metals known to be active in dry reforming reactions. This bimetallic
catalyst system could consist of a pair of non-noble metals, a noble metal pair, or, more commonly, a nonnoble metal promoted with noble metal (typically in low loadings). The latter and non-noble metal pairs
offer lower-costs with an added benefit of improved catalyst performance. Bimetallic catalysts having a
noble metal promoter have been widely reported to result in enhanced sample reducibility, increased
catalyst stability, and higher reactant conversions[137, 138]. The most common noble metal promoted
bimetallic system are the ones with Ni as the active metal. Although Fe is known to be less active for dry
reforming than Ni, it is cheaper and more available; hence, we figured it would be informative to evaluate
if noble metals would have the same catalytic performance promoting effect on Fe-based samples. This led
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to selecting a less studied catalyst system (Pt-Fe-Mg/ceria-zirconia) for our continued study on lowtemperature dry reforming. Two different loadings of the active metal component (Fe) will be promoted
with small loading of Pt (0.16 Pt). Also, as a comparative study of the performance of two different sets of
bimetallic systems, a Ni-Mg/ceria-zirconia promoted with Co in a similar loading of 0.16 wt% use for noble
metal-based bimetallic samples will also be synthesized and evaluate in dry reforming conditions. Although
Ni-Co based samples have been previously studied in dry reforming experiments as evidenced by an influx
in literatures based on them in recent years[107, 130, 215, 243], to the best of our knowledge, none of them
reported conversions at low temperatures around 450 ℃. The samples presented in this chapter have lower
active metal loadings, thereby making them more optimal for scale-up operations. The ceria-zirconia (CZO)
support material used for this study was selected because of its enhanced redox ability, which help with the
oxidation of the possible carbon formed during dry reforming reactions.
4.2 Experimental Section
4.2.1 Catalyst Support Synthesis
The co-precipitation method was used to synthesize the ceria-zirconia mixed oxide support
following a modified procedure by Rossignol et al[95]. An aqueous solution of the mixed-oxide metal
precursor salts was formed by dissolving 17.36 g of Cerium (III) nitrate hexahydrate (Ce(NO3)3.6H2O;
99.5%) (Alfa Aesar), and 6.64 g of zirconium dinitrate oxide hydrate (ZrO (NO3)2.xH2O; 99.9 %) (Alfa
Aesar) was dissolved in 300 ml of deionized water. This solution was then precipitated using 340 ml of
ammonium hydroxide solution assay: 28-30% ) (Sigma Aldrich) and vacuum filtered. The precipitate was
then washed using a solution of 462 mL of DI water and 150 mL of ammonium hydroxide. After vacuum
filtration, the filtrate was dried at 60 ˚C (20 ˚C/min) for 1 h and 120 ˚C (30˚C/min) for 12 h. Following the
drying step, the sample was then calcined at 800 ˚C (30 ˚C/min) for 4 h.
4.2.2 Preparation of the Supported-metal Catalysts
The following metal precursor salts were used for the synthesis of the desired supported-metal
catalysts: Acros organic’s cobalt (II) nitrate hexahydrate-99% pure ( Co(NO3)2.6H2O); iron (III) nitrate
nonahydrate->= 98% pure (Fe(NO3)3.9H2O), magnesium nitrate hexahydrate-98-102% (Mg (NO3)2.6H2O)
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& nickel (II) nitrate hexahydrate puratronic-99.9985%, (Ni(NO3)2.6H2O) all obtained from Sigma Aldrich;
and Alfa Aesar’s chloroplatinic acid hexahydrate (H2PtCl6. 6H2O). The desired metal precursor(s) were
dissolved in an appropriate amount of deionized water and the resulting solution was deposited on a
weighted amount of support until incipient wetness. The sample slurry was then dried at 120 ˚C for 2 h (10
˚C/min). After the last sequence of impregnation and drying, the sample was calcined at 600 ˚C (10˚C/min)
for 3 h (10˚C/min).
4.3 Sample Characterization
Temperature-programmed characterizations such as H2-temperature programmed reduction (H2TPR),CO2-temperature programmed desorption (CO2-TPD) and temperature-programmed oxidation (TPO)
were conducted with the same experiment set up. This experiment consisted of set of Alicat mass flow
controllers with gas tubes leading to a two-point Swagelok connections to which the U-tube reactor
containing the sample is connected to. The U-tube is then placed vertically into temperature controllable
Thermolyne furnace. The outlet gases are then directed using a two-way valve to a MKS cirrus 3 mass
spectrometer for quantification. The MKS mass spectrometer equipped with process eye software is used
for the monitoring of the raw signals of the m/z all the inflow and outflow of gases from the reactor against
time.
4.3.1 Temperature-programmed Reduction
The samples (approx. 75 mg) are pretreated at 110 ℃ for 1 h before reduction and cooled down to
50 ℃. 2.5 SCCM of the reducing gas (H2 (ultra-high purity)) and 47.5 SCCM of the diluent gas (He) are
flown for 30 mins min till the mass spectrometer indicates a stable gas signal. The furnace temperature is
then increased from 50 – 900 ℃ and held at 900 ℃ for 1 h.
4.3.2 CO2 Temperature-programmed Desorption (CO2-TPD)
Prior to the conduction of the CO2-TPD experiments, the samples were reduced using a 5%H2/He
gas mixture at 300 C for 1 h, and the sample surface is purged using 50 SCCM of He while it is being
cooled to 50 ℃. After the sample purge is completed, 5 SCCM of CO2 (research grade) diluted with 45
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SCCM of He is then flowed for 30 min to allow for CO2 adsorption. 50 SCCM of He is flowed for 30 mins
to purge residual CO2, and the furnace temperature is then increased from 50 to 800 ℃ at 10 ℃/min.
4.3.3 Physisorption Measurements
The physisorption measurements were conducted using a Quantachrome Autosorb-IQ gas sorption
analyzer. The samples (200 mg) were placed in a 6mm bulb quartz cell and degassed at 200 ℃ under
vacuum for 6 h to remove physically adsorbed water and impurities. After degassing, the N 2 isotherms
were measured at 77 K. The BET method was used to calculate the specific area by fitting the isotherm data
between P/Po values of 0.05-0.33. The BJH method was used to calculate the pore volume and average
pore sizes.
4.3.4 Powdered X-ray Diffraction (PXRD)
A Bruker D8 advance system fitted a Cu Kα radiation source was used to record the X-ray
diffractograms .Using operating conditions of 40kV and 40 mA, the scans were recorded at a step size of
0.02°, 3 s per step dwell time and a 2θ angle range of 15- 80℃. The obtained diffraction patterns were then
compared to reference spectra using a X’Pert Highscore Plus software.
4.3.5 Raman Spectroscopy
Raman spectroscopy analysis was performed using a Jasco NRS-4500 Laser Raman Spectrometer
(USF NREC Facility). The operating parameters selected are 532 nm green laser, L1200 Grating, Slit of
50 x 8000µM and auto focus lens with an objective MPLN 100 X magnification. Multiple scans were taken
within from 200 – 2000 cm-1.
4.3.6 Temperature-programmed Oxidation
Temperature programmed oxidation was performed with the spent samples from time on stream
(TOS) dry reforming experiments. A gas mixture consisting of 5 SCCM He (ultra-high purity) and 45
SCCM O2 (ultra-high purity) was flowed over the spent samples at room temperature or 50 ℃ for at least
30 min to establish stable m/z signal in the mass spec and the temperature was then linearly increased to
900 ℃ at 10 ℃/min.
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4.4 Catalyst Testing
The catalysts were tested using both temperature-programmed and steady-state dry reforming
experiments conducted at atmospheric pressure and select temperatures to be mentioned in subsequent
sections. Before the dry reforming experiments, the Co-Ni catalyst series was activated in situ at 600 ℃ for
1h, and the Pt-Fe catalyst series were reduced in situ at the following temperatures (300 ℃, 350 ℃, and
600 ℃) for 1 h using a gas mixture consisting of 2.5 SCCM and 47.5 SCCM He. The catalyst test was
carried out with approximately 75 mg of the catalyst samples (Co-Ni catalysts) and 150 mg for Pt-Fe
catalysts and a reaction mixture consisting of 3.08 SCCM CH4 (research-grade), 3.08 SCCM CO2 (CD 1200
Instrument), and 37.84 SCCM He (Ultra-high purity). The temperature-programmed experiments were
performed at temperatures of 200 – 900 ℃, and the steady-state experiments were conducted at 450 ℃.
The effluent gases from the U tube reactor (4 mm ID) were analyzed using an MKS Cirrus 3 mass
spectrometer with a Faraday detector. The reactant gas conversions and reactant rates were obtained using
equation 4.1 and 4.2 below:
𝑋𝑖 (%) =

R(

𝐹𝑖(𝑖𝑛) − 𝐹𝑖(𝑜𝑢𝑡)
∗ 100
𝐹𝑖(𝑖𝑛)

(4.1)

µmol
µmol
) = GHSV
∗ conversion (X) ∗ reactant concentration (4.2)
g cat . s
g cat . s

where “i” is the gas species CH4 and CO2, “Fi” and “Xi” are the molar flow rates and the conversions of the
gas species, respectively.
4.5 Results and Discussion
4.5.1 Results Obtained from Co-Ni-Mg/CZO Samples
4.5.1.1 N2-physisorption
The BET specific surface area, pore-volume, and average pore diameter of the fresh samples are
presented in Tables 4.1 and Table 4.2. The specific surface area of the ceria-zirconia support was 45 m2/g,
and the value decreased to 38 m2/g when impregnated with 0.16wt% Co and a further decrease to 31 m2/g
upon introduction of both Ni and Mg. The reduction in specific surface area is because of the ceria-zirconia
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pores' blockage with the impregnated metals. The decline of the pore volume from 0.10 cm3/g to 0.07 cm3/g
is also evidence of pore blockage.
4.5.1.2 Sample Crystallinity and Diffraction Patterns
Figure 4.1b shows the diffraction patterns belonging to the following Co-containing samples
(0.16Co-CZO, 0.16Co-1.4Ni-1.0Mg-CZO, and 0.32Co-1.4Ni-1.0Mg-CZO). The diffraction patterns for all
three samples are similar, with only diffraction peaks belonging to the ceria-zirconia support material
present. The absence of peaks belonging to Co3O4, CoO, MgO, and NiO suggest they are highly dispersed
on the CZO support or at a particle size below the instrument's detection limit.
Raman spectra analysis of the fresh samples were conducted on the fresh samples to obtain
information on the crystallinity and the results for the Co-containing samples are shown in Figure 4.2a. All
the samples' vibration bands were present at the same wavenumber of 462 cm -1, and this band belongs to
the F2g Raman active mode cubic fluorite ceria-zirconia[244], thereby supporting the PXRD results shown
in Figure 4.2a. Also, the addition of 1.4wt% Ni and 1.0wt% Mg to the 0.16Co-CZO and 0.32Co-CZO did
not result in any peak shift to new wavenumbers but caused a broadening of the vibrational bands, which
could also be because of ceria-zirconia support’s pore filling.
4.5.1.3 Temperature-programmed Reduction
The result from the study of the reducibility of the sample using H2 temperature-programmed
reduction experiments are shown in Figure 4.3, the reduction profiles of the samples containing Co are
shown in Figure 4.3a, and that of the samples containing Fe is shown in Figure 4.3b. The reduction profile
of 0.16Co-CZO presented a reduction peak at 424 ℃ and a smaller but broader peak beak between 650 –
800 ℃. The reduction peak at 424 ℃ is due to the reduction of surface ceria, and this occurs at a much
lower temperature to that of the sample with no ceria (i.e, only ceria-zirconia support) which occurred at
681℃[116]. The decrease in the reduction temperature of surface ceria in Co's presence indicates that Co
promotes the reduction of ceria, which is in agreement with what was reported by de Lima et al[245]. The
promotion of ceria reducibility in the presence of Co is further supported with a decrease in reduction
temperature of surface Ce from 424 ℃ to 419 ℃ with higher Co loading (i.e., 0.32Co-CZO sample). The
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reduction profile of 1.4Ni-1.0Mg-CZO was included to provide a comparison between the reduction
profiles of the Co-Ni-Mg-CZO samples (0.16Co-1.4Ni-1.0Mg-CZO) and those without Co. As depicted in
Figure 4.3a, 1.4Ni-1.0Mg-CZO presented an initial broad reduction peak at 383 ℃ which decreased to 333
℃ in 0.16Co-1.4Ni-1.0Mg-CZO and a smaller broad peak between 600 – 800 ℃. The decrease in the
reduction temperature of the initial peak in the presence of Co may because of the formation of Co-Ni
alloy[107]. It is noteworthy to mention that the lower reduction temperatures increased from 383 ℃ in
1.4Ni-1.0Mg-CZO to 388 ℃ in 0.32Co-1.4Ni-1.0Mg-CZO. This is in contrast to what was observed with
0.16Co-1.4Ni-1.0Mg-CZO and suggests that the metal-metal interaction between Co, Ni, Mg and metalsupport interaction changes at higher Co loading (0.32 wt%). Some possible explanations are that at the
lower Co loading (0.16 wt%) a Co-Ni alloy was formed which influenced the reduction at lower
temperatures while at higher loadings there are more available Co3O4 particles for reduction. The reduction
peak area of 0.32Co-1.4Ni-1.0Mg-CZO was also larger than that of the 1.4Ni-1.0Mg-CZO, this means the
reduction at 388 ℃ in 0.32Co-1.4Ni-1.0Mg-CZO is a combined reduction of Co3O4 to CoO and the
reduction of NiO.
4.5.1.4 Temperature-programmed Reaction
The effect of temperature changes with the reactant conversion was evaluated by performing
temperature-programmed experiment between 200 - 900℃, and the results for the samples containing Co
are shown in Figure 4.4a. The CH4 and CO2 conversions of the monometallic samples (0.16Co and 0.32Co)
and 1.4Ni-1.0Mg-CZO were much lower than that of the bimetallic 0.16Co-1.4Ni-1.0Mg-CZO and 0.32Co1.4Ni-1.0Mg-CZO samples. The increase in CH4 and CO2 conversions in the presence of Co suggests that
the formation of Co-Ni alloy favors the activation of the reactants. In terms of the effect of Co loading on
the reactant conversion, it was observed that increasing the Co content from 0.16wt Co to 0.32wt% Co in
the Co-Ni-Mg sample led to a reduction in CH4 conversion (Figure 4.4a) while the CO2 conversion
increased (Figure 4.4b) at temperatures greater than 650℃. This indicates that increasing the Co content in
samples containing Ni and Mg favors the reverse water gas shift reaction which causes an increase in CO2
conversion.
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4.5.1.5 Steady-state Reaction
Based on the temperature-programmed reaction results indicating that both 0.16Co-1.4Ni-1.0MgCZO and 0.32Co-1.4Ni-1.0Mg-CZO samples were active at lower temperatures (400-500), the steady-state
experiment was performed at 450 ℃ and kept on stream for a duration of 10 h (Figure 4.8). It can be seen
in Figure 4.8a that the activity of the 01.6Co-1.4Ni-1.0Mg-CZO was relatively stable for the entire duration
of the experiment, and the same was observed with the 0.32Co-1.4Ni-1.0Mg-CZO sample (Figure 4.8b),
which also showed stable activity for 10 h on stream. The product selectivity was also lower in 0.32Co1.4Ni-1.0Mg-CZO in comparison to 0.16Co-1.4Ni-1.0Mg-CZO (Figure 4.9).
4.5.1.6 Post-reaction Characterization
Following the 10 h TOS experiment conducted with the 0.16Co-1.4Ni-CZO and 0.32Co-1.4Ni1.0Mg-CZO samples, temperature-programmed oxidation (TPO) experiments were performed over the
spent samples, and the obtained results are shown in Figure 4.10. The formation of CO 2 in both samples
during the TPO experiments indicates that there was carbon deposition during the time on stream (TOS)
experiment. This was not unexpected considering the temperature condition of the experiment which favors
carbon formation. The relatively stable activity observed in Figure 4.8a and Figure 4.8b suggests that the
carbon formed are reactive carbon species that lead to catalyst deactivation. It can be seen from Figure 4.10
that the peak formation started at room temperature, and this is due to desorption of physiosorbed CO2 and
oxidation of carbon deposited on the spent samples. The peaks due to carbon oxidation are at temperatures
greater than 200 ℃ and much lower intensity. Figure 4.10 also shows a slight reduction in carbon formation
from increasing the Co content from 0.16 wt% to 0.32 wt%.
4.5.2 Results Obtained from Pt-Fe-Mg/CZO Samples
4.5.2.1 N2-physisorption
The pore structure parameters of the Pt-Fe-Mg-CZO samples are shown in Table 4.2, and the
specific surface area of the supported Pt-Fe-Mg-CZO samples was also lower than that of the support
material because of pore blockage. The pore blockage effect of the Pt-Fe-Mg/CZO samples was more
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pronounced in the Co-Ni-Mg/CZO samples and this is because of the larger pore diameter of the Pt-Fe-MgCZO samples (Table 4.3).
4.5.2.2 Sample Crystallinity and Diffraction Patterns
The diffraction patterns of the fresh Fe-based samples obtained from PXRD measurements are
shown in Figure 4.1a, peaks belonging to the cubic fluorite of ceria formed as a result of solid formation
ceria-zirconia solution were the only ones present. No peaks for oxides of iron (FeO, Fe3O4) were present
even in the sample with the highest Fe loading (5wt % Fe) (Figure 4.1a). The absence of peaks related to
oxides of Fe is an indication of small particle-sized FeO particles or high dispersion of FeO particles.
Also, no diffraction peaks belonging to Pt or Mg were noticed in the PXRD scan analysis, and their
absence is a result of the small metal loadings, high metal dispersion, and small particle size below the
detection limit of the PXRD instrument. The Raman spectra of the Fe-containing samples were a tad bit
difficult to obtain because of the decomposition of the samples in the laser beam similar to what was
previously reported [246], which caused the occurrence of fluorescence emission as depicted in Figure 4.2b.
The fluorescence effect was observed in the samples with the higher Fe loading (5 wt%). Notwithstanding,
vibrational bands belonging to cubic fluorite ceria, although at lower intensity, were still present. The
absence of vibration bands for oxides of Fe3O4 expected at 616 and 663 cm-1 [246] from the Raman
scattering experiments further confirms the presence of small-sized particles and high dispersion of Fe.
4.5.2.3 Temperature-programmed Reduction
Figure 4.3b shows the reduction profiles of 5Fe-CZO sample, and three reduction peaks were
present at 392 ℃, 499 ℃ and 628 ℃. One of these peaks was absent in the 5.0Fe-1.0Mg-CZO sample,
which presented just two peaks, one single intense peak at 439 ℃ and a broad peak between 650 and 850
℃. In the presence of Pt, the lower temperature becomes more intense and shifted to a lower temperature
of 288 ℃, and the high-temperature broad peak was observed at a lower temperature range of 500-721.
Comparing the reduction profiles of 1.4Fe-1.0Mg-CZO and 5.0Fe-1.0Mg-CZO samples suggests that the
changes in Fe loading do affect the reduction of FeO and ceria. The effect of increasing the Fe loading was
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more prominent in the Pt-Fe-Mg-CZO with the reduction temperature increasing by about 38 ℃ with
increasing Fe loading from 1.4 wt% to 5 wt%.
4.5.2.4 Temperature-programmed Reaction
Temperature programmed experiments were performed using the Pt-Fe-Mg-CZO samples (0.16Pt1.4Fe-1.0Mg-CZO and 0.16Pt-5.0Fe-CZO) and the control sample containing no Pt (1.4Fe-1.0Mg-CZO),
and the results are shown in Figure 4.4. Figure 4.4a offers the methane conversion obtained at temperatures
between 350-800 ℃. The sample denoted as 0.16Pt-1.4Fe-1.0Mg-CZO-R300 means that the sample was
pretreated under H2 gas mixture at 300 ℃ prior to the temperature-programmed dry reforming experiment.
The 0.16Pt-1.4Fe-1.0Mg-CZO sample notation ending with R350 and R600 means the samples were
reduced at 350 and 600 ℃, respectively. Comparing the conversion results obtained from the 0.16Pt-1.4Fe1.0Mg-CZO pretreated at different temperatures, increasing the reduction temperature led to a decrease in
catalytic activity. The 0.16Pt-1.4Fe-1.0Mg-CZO samples gave higher CH4 (Figure 4.6 a) and CO2
conversions than 0.16Pt-5.0Fe-1.0Mg-CZO and 1.4Fe-1.0Mg-CZO. It is noteworthy to mention that the
presence of Pt in the 0.16Pt-1.4Fe-1.0Mg-CZO, however increasing the Fe content from 1.4 wt% to 5.0
wt%, hindered the catalyst activity. In general, the Fe-containing samples, despite containing a noble metal
component, have lower catalytic activity to the Co-containing samples and less than 50 % CH4 conversions
were obtained at high-temperature condition of 800 ℃. The H2/CO values obtained are shown in Figure
4.6, and these values were below 1 because of the occurrence of the less than 100 % reactant conversion
and the occurrence of the reverse water gas shift reaction, which causes higher CO2 than CH4 conversions
at the studied temperature conditions.
4.5.2.5 Steady-state Reaction
To test the catalytic activity of the 0.16Pt-1.4Fe-1.0Mg-CZO for low-temperature dry reforming
experiment at 450 ℃. Steady-state dry reforming experiment was conducted with ~ 150 mg of 0.16Pt1.4Fe-CZO after catalyst pretreatment at 300 ℃, and very little or no catalytic activity was observed (Figure
4.11). The catalytic activity of 0.16Pt-1.4Fe-1.0Mg-CZO was further tested at a higher temperature of 600
℃ (Figure 4.13a), and this led to higher CH4 and CO2 conversions to that obtained at 450 ℃. The initial
86

CH4 and CO2 conversions were 4 % and 7 %, respectively, and this decreased within the first 100 min of
the reaction before stabilizing at about 2 % and 4 % CH4 and CO2 conversions. The H2/CO molar ratio of
0.16Pt-1.4Fe-1.0Mg-CZO also decreased with time on stream (Figure 4.13a)
To further confirm the result obtained from increasing the Fe loading from 1.4 wt% to 5 wt% during
the temperature-programmed dry reforming experiment, the catalytic performance of the 10.16Pt-5.0Fe1.0Mg-CZO was also tested using a 5 h TOS dry reforming experiment, and the result obtained is shown
in Figure 4.13b. In a similar fashion to what was observed in the temperature-programmed experiment
(Figure 4.6), the obtained CH4 and CO2 conversions were much lower than gotten with 0.16Pt-1.4Fe1.0Mg-CZO.
4.5.2.6 Post-reaction Characterization
In other to confirm the reason for the decrease in catalytic observed in both 0.16Pt-1.4Fe-1.0MgCZO and 0.16Pt-5.0Fe-1,0Mg-CZO samples, temperature-programmed oxidation experiments were
performed with the used samples, and the results are shown in Figure 4.14. From a comparison of the TPO
peak areas of both samples, the coking rate was higher at the higher Fe loading of 5 wt%.
4.6 Conclusions
Ceria-zirconia supported bimetallic Pt-Fe and Co-Ni samples were synthesized using the incipient
wetness method. The addition of 0.16 wt% Pt to monometallic 1.4Fe-1.0Mg-CZO and 5.0Fe-1.0Mg-CZO
samples resulted in enhancing their reducibility with the reduction temperatures changing by more than 100
℃. This is a confirmation of the occurrence of noble metal promoted H2 spillover effect which favors
reduction of surface ceria at much lower temperatures. An increase in CH4 and CO2 conversion of 1.4Fe1.0Mg-CZO following the addition of Pt helps prove that the catalytic activity of Fe-Mg-CZO samples can
be improved using noble metal component. However, a reduction in catalytic activity due to an increasing
in Fe content from 1.4 wt% to 5 wt% led suggests that the Pt:Fe ratio in the catalyst combination is also
crucial in other to attain higher catalytic activity as there could be an encapsulation of the Pt with Fe. Despite
the observed improvement in catalytic performance with Fe promotion, at the space velocities tested which
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is lower than used in for Co-Ni samples, the catalyst did not show any activity at 450 ℃ but at 600 ℃
indicating that they are more suitable for medium temperature ( 600-700 ℃) dry reforming reactions.
The major conclusions drawn from the Co-Ni-Mg/CZO samples are that the addition of Co (0.16
wt%) to Ni-Mg-CZO samples resulted in enhanced reducibility of the 0.16Co-1.4Ni-1.0Mg sample and
increasing the Co loading to 0.32 wt% did not cause any further increase in catalyst reducibility. In addition,
owing to the improved reducibility of the Co-Ni-Mg-CZO samples, higher CO2 and CH4 conversions were
obtained from both samples were obtained using Co as a promoter. The 0.16Co-1.4Ni-1.0Mg and 0.32Co1.4Ni-CZO samples were also stable during dry reforming TOS experiment and the presence of deposited
coke as observed in TPO did not result in reduction in catalytic activity.
Comparing both sets of bimetallic catalyst samples studied in this chapter, the better catalyst system
in terms of reactant conversion, product selectivity and catalyst stability are the Co-Ni-Mg-CZO samples.
The results obtained using these samples at the low temperature conditions presents the possibility of using
cost effective catalyst bimetallic systems for low temperature reforming studies.
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Table 4.1 Pore structure of fresh Co-Ni based samples
Sample

BET Surface area
(m2/g)

Pore volume (cm3/g)

CZO

45

0.10

1.4Ni-1.0Mg-CZO[116]

40

0.10

0.16Co-CZO

38.3

0.08

0.16Co-1.4Ni-1MgCZO

31.1

0.07

Table 4.2 Pore structure of fresh Pt-Fe based samples
Sample

BET surface
2
area (m /g)

Pore volume
3
(cm /g)

Pore diameter
(nm)

1.4Fe-1.0Mg-CZO

30

0.07

9.0

Pt-1.4Fe-1.0Mg-CZO

33

0.07

8.9

Figure 4.1 Powder XRD pattern of fresh samples. a)Fe based samples b)Co based samples
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Figure 4.2 Raman spectra of fresh samples. a)Fe based samples b)Co based samples

Figure 4.3 TPR profiles of fresh samples. a)Co based samples b)Fe based samples
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Figure 4.4 Temperature programmed dry reforming reaction results. (Co-based samples and control sample)
Ptotal = 1atm; CH4/CO2/He=3.08/3.08/37.84 SCCM. a) Methane conversion, b) Carbon dioxide conversion

Figure 4.5 H2/CO molar ratios obtained from temperature-programmed dry reforming reaction. (Co-based
samples and control sample (1.4Ni-1.0Mg-CZO)). Ptotal = 1atm; CH4/CO2/He=3.08/3.08/37.84 SCCM
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Figure 4.6 Temperature programmed dry reforming reaction results. (Fe-based samples and control sample
(1.4Fe-1.0Mg-CZO)). Ptotal = 1atm; CH4/CO2/He=3.08/3.08/37.84 SCCM. a) Methane conversion, b)
Carbon dioxide conversion

Figure 4.7 H2/CO molar ratios obtained from temperature-programmed dry reforming reaction. (Fe-based
samples and control sample (1.4Ni-1.0Mg-CZO)). Ptotal = 1atm; CH4/CO2/He=3.08/3.08/37.84 SCCM
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Figure 4.8 10 h time on stream dry reforming reaction performed at 450 ℃. a) Methane and carbon dioxide
conversion obtained from 0.16Co-1.4Ni-1.0Mg-CZO ℃. b) Methane and carbon dioxide conversion
obtained from 0.32Co-1.4Ni-1.0Mg-CZO. Ptotal = 1atm; CH4/CO2/He=3.08/3.08/37.84 SCCM

Figure 4.9 H2/CO obtained from 10 h time on stream dry reforming study performed at 450 ℃ over 0.16Co1.4Ni-1.0Mg-CZO and 0.32Co-1.4Ni-1.0Mg-CZO samples. Ptotal = 1atm; CH4/CO2/He=3.08/3.08/37.84
SCCM
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Figure 4.10 TPO profiles of spent 0.16Co-1.4Ni-1.0Mg-CZO and 0.32Co-1.4Ni-1.0Mg-CZO samples
obtained from 10 h TOS experiment carried out at 450 ℃. Reaction conditions: Ptotal = 1atm;
CH4=CO2=3.08 SCCM, He=37.84 SCCM. Ptotal = 1atm; CH4/CO2/He=3.08/3.08/37.84 SCCM

Figure 4.11 CH4 and CO2 conversion obtained from 5 h TOS dry reforming reaction performed at 450 ℃.
Catalyst pretreated at 300 ℃. Ptotal = 1atm; CH4/CO2/He=3.08/3.08/37.84 SCCM
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Figure 4.12 TPO profile of spent 0.16Pt-1.4Fe-1.0Mg-CZO obtained from 5 h TOS reaction performed at
450 ℃

Figure 4.13 CH4 and CO2 conversion obtained from 5 h time on stream dry reforming reaction performed
at 600 ℃. a)0.16Pt-1.4Fe-1.0Mg-CZO, b)0.16Pt-5.0Fe-CZO. Ptotal = 1atm; CH4/CO2/He=3.08/3.08/37.84
SCCM. Sample was pretreated at 300 ℃
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Figure 4.14 TPO profiles of spent 0.16Pt-1.4Fe-1.0Mg-CZO and 0.16Pt-5.0Fe-1.0Mg-CZO samples
obtained from 5 TOS reaction performed at 600 ℃
Table 4.3 Coke formation rates of select samples from this study and previous DRM studies
Sample

Nickel Cobalt Coking rate Reaction
Reference
content content (mg/gcat.h) temperature
(wt %) (wt %)

0.16Co-1.4Ni1.0Mg-CZO
0.32Co-1.4Ni1.0Mg-CZO
7wt%Ni-4wt%CoTiO2 (BCM-1)

1.4

0.16

0.12

450

This work

1.4

0.32

0.11

450

This work

7

4

17.1

900

[247]

5.5wt%Ni5.5wt%Co-TiO2
(BCM-2)
4wt%Ni-7wt%CoTiO2 (BCM-3)

5.5

5.5

9.2

900

[247]

4

7

5.5

900

[247]

11.25wt%Ni3.75wt%Co/Al2O3

11.25

3.75

0.412
gc/gcat

600

[248]

7Ni3Co/6LaAl
Ni-Co-Ru/basic
SGM

7
7.5

3
7.5

0.63
64.4

800
800

[128]
[249]
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Chapter 5: Tuning the Performance of Ru-Ni-Mg/Ceria-zirconia Dry Reforming Catalysts through
Strategic Reduction Conditions and Varying Ru Loading
5.1 Introduction
Dry reforming of methane to produce syngas has attracted much attention in the literature[68, 177,
180, 208, 250, 251], however, there is still much interest in developing low-cost and efficient catalytic
materials capable of driving the reforming technology at low temperatures (below 500 ℃). The
development of these catalyst materials for application is growing because of the possibility of converting
two gases (methane and carbon dioxide) that are the major contributors to global warming. Also, dry
reforming is a suitable choice to further propel the shift to renewable energy sources using biogas that is
ubiquitous for the feedstocks for energy production. Although dry reforming appears as a reasonable
approach for syngas production from an environmental standpoint at first glance, economic limitations need
to be overcome due to the distributed and small-scale nature of these feedstock materials. Lowering the
temperature required and developing catalyst material that can resist the coking conditions can enhance the
process economics.
Metals such as nickel and cobalt supported on oxide materials such as alumina, ceria, zirconia are
some of the common choice catalyst systems due to their cost and availability, but they are mostly highly
active at high-temperature conditions and have a high tendency to deactivate during the reaction. Several
studies have shown that observed improvement in their catalytic performance (reducibility, activity, and
stability) can be obtained with the promotion of Ni-based metals with platinum group metals such as
platinum, ruthenium, rhodium[181, 252]. Although platinum group materials are costly, using them in small
amounts in catalyst formulation could turn out to be advantageous when factors such as the energy
requirements and cost of catalyst regeneration or replacement are considered.
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In our previous works [116, 209], we showed that promoting a Ni/&Mg-CZO based sample with
small loadings of Pt (0.16 wt%) resulted in higher reactant conversion and reaction rate owing to a balance
of improved reducibility and basicity. However, cost considerations prompted us to consider using less
expensive precious metals. A review of reported price trends of the precious metals [253, 254] and literature
based on noble-metal promoted reforming catalyst materials suggested Ru as a possible replacement for Pt.
Jixiang Chen et al [167] studied the relationship between the catalytic performance and structure on
Ce0.75Zr0.25O2 supported Ru catalysts. Zongyuan Lie et al. [169] presented results from a methane dry
reforming study conducted at temperatures between 400 – 700 ℃ using 0.5 wt% Ru supported on different
oxide materials (CeO2, Al2O3, and TiO2). Ho Seok Whang et al. [255] studied the support effect on the
domain size of 0.13 wt% Ru metal particles. They found that the Ru particle size decreased from 6.3 to 1.4
nm upon changing the support from SiO2 to ZrO2-SiO2. The Ru/ZrO2-SiO2 was also active and stable at
800 ℃ with no coke formation.
In addition to active metal(s) and support material selection for reforming, the sample reduction
conditions also influence the catalyst performance [256, 257]. The supported transition metal catalysts are
typically present in the oxide phase after calcination, and therefore, there is the need to reduce the samples
to obtain the metallic phase, which is the active phase for reforming reactions [257]. The reduction occurs
under a flow of reducing gas such as hydrogen and temperatures greater than room temperature; hence
some energy input is required. The reduction condition used is dependent on the metal types and support
material used. For instance, the presence of noble metals and the metal-support interaction will impact the
metal oxide reduction to a certain degree[208]. The reduction process is significant as it determines the
availability and amount of catalytic active sites[258] for the dissociation of the reactants.
On the other hand, the temperature at which reduction occurs could also lead to particle
aggregation, adversely affecting the metal dispersion. Therefore, there is a need to find a suitable
temperature condition at which there are enough active sites and minimal particle aggregation. The
reduction temperature used can also affect the catalyst stability/ coke formation [160, 161], the phase of the
support material [54], metal particle morphology, and size [159, 161].
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Chen et al [258] et al studied the effect of reduction temperature on CO formation rate from the dry
reforming reaction using Ni0.03Mg0.97O and noble-metal (Pt, Pd, Rh) promoted Ni0.03Mg0.97O samples. They
reported that increasing the reduction temperature from 650 – 850 ℃ increased the catalytic activity of the
Ni0.03Mg0.97O and the increase may be due to the difficulty in reducing the Ni2+ in Ni0.03Mg0.97O at a lower
temperature. However, the reduction temperature caused no change in the catalytic activity of the bimetallic
samples due to already existing enhanced reducibility in samples because of noble metal presence.
Similarly, Toshihiko Osaki[162] studied the effect of reduction temperature on the performance of Ni/TiO2
CO2 reforming catalyst. The sample reductions which were performed at 400 and 300 ℃ caused changes
in the rate constant of the reaction, CO adsorption amount, and methane dissociation. The effect of reducing
a Ni/MgO catalyst at 550 ℃ and 800 ℃ was studied by Usman and Daud [160]. Their results showed that
reducing the sample at higher temperatures caused catalyst deactivation.
Most of the catalyst performance tests in these studies were conducted at high-temperature (> 600
℃) conditions. This study is focused on the performance of Ru-Ni-Mg/ceria-zirconia samples at lowtemperature conditions (450 – 510 ℃). Furthermore, this work would highlight the extent to which the RuNi interaction on a mixed oxide ceria-zirconia support is affected by a combination of changing Ru content,
presence of promoter (Mg), and sample reduction temperature.
5.2 Experimental Section
5.2.1 Reagents/Chemicals and Catalyst Preparation
The mixed oxide ceria-zirconia support was prepared using the co-precipitation method. Cerium
(III) nitrate hexahydrate (REacton; 99.5%; Alfa Aesar), zirconium dinitrate oxide hydrate(99.9 %; Alfa
Aesar), and ammonium hydroxide were used during synthesis. The supported-metal samples were prepared
using the incipient wetness method and the following metal precursors: ruthenium nitrosyl nitrate (Ru
31.3% min; Alfa Aesar), nickel (II) nitrate hexahydrate (puratronic 99.9985%;Alfa Aesar), and magnesium
nitrate hexahydrate (ACS, 98.0 -101.0%; Alfa Aesar). More detailed information on the catalyst preparation
has been documented in our previous works [84, 116]
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5.2.2 Characterization of Catalysts
5.2.2.1 Powder X-ray Diffraction (PXRD)
Powder X-ray diffraction analysis was conducted with a Bruker D8 ADVANCE X-ray powder
diffractometer containing an X-ray generator with a Cu tube with Kα radiation: 0.15418 nm. The scan was
performed between a 2θ angle of 10 - 90 ° using a PSD fast scan mode at 0.4 time/step(s). The diffraction
peaks were evaluated and matched using X’Pert Highscore Plus software.
5.2.2.2 Nitrogen Physisorption Analysis (N2-physisorption)
The N2-physisorption analysis was performed with ~100 mg of catalyst samples using a
Quantachrome Autosorb-IQ gas sorption analyzer. The samples were outgassed for 5.4 hr at a final outgas
temperature of 200 ℃ before being placed in the analysis station. The specific surface areas of the samples
were calculated by fitting data obtained between the P/Po range of 0.05-0.33 with the BET method. The
pore volumes, average pore sizes, and pore size distribution were obtained using the BJH method.
5.2.2.3 Hydrogen Temperature-programmed Reduction (H2-TPR)
The reducibility of the catalyst samples was characterized using a U-tube reactor and mass
spectrometer system. The samples (75 mg) were pretreated under 50 SCCM of He (ultra-high purity) at 150
℃ for 30 min and then cooled down to 50 ℃ before introducing a gas mixture containing 5% H 2/He (50
SCCM total). The furnace temperature was then increased from 50 to 900 ℃ at a ramp rate of 10 ℃/min
after several min of stable gas flow.
5.2.2.4 CO2 Temperature-programmed Desorption Analysis
The catalyst samples' basicity was determined using CO2-TPD experiments that were conducted
with a temperature increase from 50 ℃ to 900 ℃. The samples were initially reduced at 300 ℃ using
5%H2/He for an hr. After reduction, the furnace was cooled down to 50 ℃ under He flow. CO 2 (CD 1200
instrument) was flowed over the activated sample for 30 min, after which the adsorbed CO2 was then purged
with He for 30 min, and the temperature was ramped up to 900 ℃ (10 ℃/min).
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5.2.2.5 DRIFTS Study
For the CO DRIFTS study, the sample was placed on KBr powder in a reactor cell and pretreated
at 200 ℃ for 30 min under Ar (30 SCCM). The pretreated sample was later reduced at 300 ℃ for an hr.
The sample surface was purged with only Ar at 300 ℃ to remove residual H2 gas and cooled to room
temperature. The background and no CO spectra were then obtained before the adsorption of CO (ultrahigh
purity) at room temperature. The spectra were collected at select time intervals after Ar purge using a
resolution of 2 and data spacing of 0.241 cm-1 (150 scans total).
CO2 adsorption DRIFTS study at 400 ℃, was conducted using a DRIFTS-MS experiment set up.
The experiment was conducted using approx. 55 mg of the sample that was reduced in situ before a gas
mixture consisting of CO2/Ar =1.75/23.25 SCCM was flowed over it. The CO2/Ar mixture was flowed for
1 hr and spectra were taken at 10 min intervals. The sample spectra were also taken at 5 min intervals for
the entire 30 min of sample surface purge with only Ar flow.
A switching experiment involving two cycles of 20 min flow of CH4 and CO2 was conducted using
approx. 55 mg of catalyst sample using 1.75 SCCM CH4/CO2 diluted with Ar (23.25 SCCM). After sample
reduction, the following gas flow cycle was used: CO2/Ar gas mixture was first flowed for 20 min, followed
by 20 min flow of CH4/Ar gas mixture, another cycle of CO2/Ar gas mixture flow was carried out and
finally, the second cycle of CH4/Ar gas mixture was done to complete the switching experiment.
Methane reforming was also studied using an in-situ DRIFTS experiment to observe what surface
species were present during the reaction. The experiment was carried out at three temperature conditions
(300, 350, and 400 ℃) for 30 min of steady-state using a CH4/CO2/He=1.75/1.75/21.5 SCCM gas mixture.
5.2.2.6 Raman Spectroscopy
Laser Raman spectroscopy was conducted on powdered fresh and spent samples at room
temperature using a Horiba Jobin-Yvon LabRam HR800 spectrometer with a 50x long working distance
(LWD) objective microprobe in the backscattering geometry and a 532 nm Nd:YAG frequency-doubled
laser (Torus).
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5.2.2.7 X-ray Photoelectron Spectroscopy
The X-ray photoelectron measurements were done using a ULVAC-PHI XPS machine equipped
with an Al Kα X-ray source (1486.6 eV). The correction of the peaks obtained at the different element
regions was done using the C 1s peak at 284.8 eV as the reference. Spectra of the following regions: C 1s,
O 1s, Ce 3d, Zr 3d, Ni 2p, Mg 1s, and Ru 3d were obtained, and the raw data was fitted using XPS peak
processing software. Linear and Tougaard background types were used as appropriate for background
subtractions.
5.2.2.8 Pulse CO Chemisorption
CO chemisorption was performed on an Altamira AMI-300 Lite instrument utilizing a TCD (135
mA, gain setting of 10). All flow rates were 25 SCCM. Catalyst samples (approx. 100 mg) were heated
from 50°C at 5 K/min to 300°C in 4%H2/Ar and held for 1 h then purged and cooled in helium to 30°C.
Pulsed CO adsorption (25 pulses) was done using a 500 uL sample loop of 10% CO/He into a helium
stream. Uptake was calculated using pulses 21-25 as the saturation value.
5.2.3 Catalysts Performance Tests
Temperature-programmed and steady-state dry reforming experiments were conducted to evaluate
the catalyst performance. The temperature-programmed experiment was performed using approximately
75 mg of samples, and 20 mg of samples were used for steady-state experiments to ensure the conversions
were below the thermodynamic limits. The experiments' gas feed consisted of CH4 (research-grade), CO2,
and He (3.08 SCCM, 3.08 SCCM, and 37.84 SCCM), respectively.
The samples were activated using a 5% H2/He gas mixture before both the temperatureprogrammed and dry-reforming experiments. The sample reduction for the initial steady-state experiments
was carried out at 300 and the reaction results obtained thereafter have been denoted with R300 at the end
of catalyst names. The temperature-programmed reaction was carried out by linearly increasing the
temperature from 200 – 900 ℃ using a ramp rate of 10 ℃/min. The steady-state experiment was conducted
at four different temperature conditions (450, 470, 490, and 510 ℃). Both the temperature-programmed
and steady-state experiments were conducted at atmospheric pressure.
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The experiments set up for the performance tests consisted of a flow U-tube reactor (ID=4 mm), a
Thermolyne furnace with a Eurotherm 2116 PID controller, and the effluent gas analysis was done using
an online MKS cirrus 2 mass spectrometer (Faraday detector). The reactant conversions, H2/CO, and
reaction rates (R) were calculated using equations 5.1, 5.2, and 5.3, respectively. XCH4 (%) and XCO2 (%)
are CH4 and CO2 conversions, F(in) and F(out) are the molar flowrates at the reactor inlet and outlet for the
respective reactant gas and GHSV is the gas hourly space velocity
FCH4(in) −FCH4(out)

X CH4 (%) =
X CO2 (%) =
H2/CO =
µmol
cat .s

R (g

FCH4(in)
FCO2(in) −FCO2(out)
FCO2(in)

∗ 100

(5.1)

∗ 100

(5.2)

FH2
FCO

(5.3)
µmol
cat .s

) = GHSV g

∗ conversion (X) ∗ reactant concentration
R

Turnover frequency (TOF)/s−1 = DCH4

CH4

(5.4)
(5.5)

Also, the turnover frequency (TOF) based on the CH4 consumption rate was calculated using
equation 5.5, where DCH4 is the density of the surface-active sites for CO adsorption obtained from pulse
CO chemisorption experiments
5.3 Results and Discussion
5.3.1 Characterization
5.3.1.1 Material Porosity
The BJH pore size distribution of the fresh samples obtained using N2-physisorption analysis is
shown in Figure 5.1A. The samples had a narrow unimodal pore size distribution with a larger fraction of
the pores being below 10 nm, resulting in average pore size values of 8.4 -9.8 nm (Table 5.1). The ceriazirconia support had the broadest pore size distribution. The supported metal samples are average-sized
mesoporous materials with specific surface areas ranging from 21.8 - 30.7m2/g (Table 5.1), and this is a
reduction in the specific surface area of the ceria-zirconia support of 45 m2/g [116]. The filling of the pores
of the ceria-zirconia support of pore volume of 0.10 cm3/g with various amounts of Ru, Ni, and Mg metals
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decreased the pore volume to 0.06 cm3/g, and there was no significant effect in pore volume for the various
supported Ru samples (Table 5.1).
5.3.1.2 Sample Crystallinity/Phase Identification
The Raman spectra of the 0.16Ru/CZO and the other samples with higher loadings of Ru (0.08
wt%, 0.16 Ru wt%, and 0.32 wt%) are shown in Figure 5.1B. Only the Raman spectra of these down
selected samples were presented because we observed that metal impregnation (1.4 wt% Ni, 1.0 wt% Mg
and changing the Ru loading did not cause any noticeable change in spectra. One major vibration band at
around 470 cm-1 and two weak broad bands at around 304 and 618 cm-1 was seen in the ceria-zirconia
support (Figure 5.1B). The sharp intense band at around 470 cm-1, which is due to F2g vibration bands of
fluorite-structured ceria [219, 220], and the other two defect-induced D broad bands[259] ( 308 and 681
cm-1)[260] remained present after metal impregnation as seen in the spectra of the supported metals
(0.16Ru/CZO, 0.08Ru-NiMg/CZO, 0.16Ru-NiMg/CZO, and 0.32Ru-NiMg/CZO).
The information on sample crystallinity obtained from Raman spectroscopy is corroborated with
the X-ray diffraction patterns obtained and shown in Figure 5.1C. The major peaks are shown and their
corresponding lattice parameters at 28.9 º (111), 33.5 º (200), 47.9 º (220), 56.9 º(311) are representative of
the cubic-fluorite structure of ceria [261]. The absence of characteristic diffraction patterns for NiO, MgO,
RuO2, or metal alloys may be due to high metal dispersion[262, 263], low metal loadings [264], and small
particle size[263] which is below the detection limit of the X-ray diffractometer.
TEM and HRTEM images of a select sample (0.32Ru-NiMg/CZO) reduced at 300 ℃ were
obtained to obtain information on the metal particle size measurements and d-spacing measurements
(Figure 5.2). EDS line scan (Figure 5.2e) which showed the count of the elements present in the sample
was able to directly determine the presence of Ni, Mg in the samples. The EDS line scan was the only
characterization that was able to directly detect the presence of these metals. However, even at the highest
loading of Ru used in this study, Ru could hardly be detected, and the peak intensity was at the noise level
of the EDS line scan.
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5.3.1.3 Catalyst Reducibility
H2-TPR studies were used to investigate the interaction of the various metal with the ceria-zirconia
support, and the results are presented in Figure 5.3 The reduction profiles presented are divided into two
different regions, low, and high temperature (HT) highlighted in Figure 5.3. The reduction of the support
material has been reported in previous literature [84], two reduction peaks due to the surface ceria (400600 ℃), and the bulk ceria (> 600 ℃) was observed. The reduction peak observed in the HT region (664
and 800 ℃) in all samples is due to the reduction of bulk ceria, as reported by Binet et al. [194, 265, 266].
Considering the HT reduction is similar in all samples, only the low temperature (< 600 ℃) would be
discussed. The addition of NiO and MgO into the support caused a decrease in the reduction temperature
to 385 ℃, which is below the previously reported NiO reduction temperature of 405 ℃.
The reduction of surface ceria in the NiMg/CZO occurred at a lower temperature of 258 ℃ with
an additional reduction owing to NiO occurring at 385 ℃ (Figure 5.3A). In the presence of only Ru
(0.16Ru-CZO), the reduction of surface ceria occurred at a much lower temperature of 95 ℃ with a sharp
peak. This sharp peak contrasts with the broad peak observed in the CZO support alone. The sharpness of
the reduction peak may an indication of the occurrence of an additional reduction of RuO2 species in close
interaction with surface ceria species [262, 267]. The low-temperature reduction is due to the presence of
noble metals promoting the spillover of H2 species onto the ceria surface [268].
The reduction profile of 0.16Ru-Ni/CZO presented two peaks at 168 and 371 ℃. The addition of
Mg to the 0.16Ru-Ni/CZO sample resulted in the reducibility of NiO i.e., judging from the heigh and width
of the reduction at 348 ℃. The reduction profiles of the Ru-NiMg/CZO samples with varying amounts of
Ru (0.02 wt%, 0.04 wt%, 0.08 wt%, 0.16 wt% & 0.32 wt%) are shown in Figure 5.3B. The reduction
profiles of samples containing 0.02wt% and 0.04wt% Ru looked like the samples containing no Ru (1.4Ni1.0Mg-CZO) in the sense that there was no distinct peak but a shoulder for the reduction of surface ceria.
However, the presence of 0.02 wt%Ru and 0.04wt% in the Ru-NiMg/CZO samples shifted the reduction
shoulder of surface ceria and reduction peak of NiO to lower temperatures. Increasing the Ru content to
0.08wt%Ru led to a difference in the reduction profiles of the Ru-NiMg/CZO with a distinct peak for
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surface ceria and a broad peak for the reduction of NiO. It can be concluded that the presence of Ru
enhanced the reducibility of ceria and NiO, however, this enhancement is more observable in the samples
containing Ru with the loading of 0.08 wt % and beyond. The reduction of NiO at lower temperatures in
the presence of Ru shows that the metal-support interaction between NiO and CZO was weakened by the
interaction between Ru and Ni.
5.3.1.4 XPS Measurements
Two Ni 2p3/2 peaks belonging to Ni2+(Ni(OH)2) were present in the Ni 2p region of 0.16Ru-1.4NiCZO and 0.16Ru-1.4Ni-1.0Mg-CZO (Figure 5.5). A single peak belonging to MgO was present at 1304.4
eV in the Mg 1s region of 0.16Ru-1.4Mg-CZO (Figure 5.6). From the O 1s region of the 0.16Ru/CZO,
three separate bands were observed at 529.4, 530.4, and 531.2 eV (Figure 5.7). These three bands are
representative of Oα lattice oxygen species (O2-), Oβ oxygen vacancies (surface) O-, and O2- [261, 269].
The bands for the lattice oxygen species and oxygen vacancies were also present in the O 1s region
of 0.16Ru-Ni/CZO and 0.16Ru-NiMg/CZO (Figure 5.7). Three separate Ce 3d5/2 peaks belonging to Ce4+
were present in the Ce 3d region spectra of the three samples (Figure 5.8). Only the 0.16Ru-CZO sample
presented peaks for Ru and RuO2 (Figure 5.9). The Zr 3d peak belonging to Zr 4+ with a 2.43 eV split value
was observed at 181.6 eV (Figure 5.10). The absence of Ru in the other samples can be an indication of a
stronger interaction between Ru and the ceria-zirconia support in the other two samples, another explanation
is the introduction of additional metals lead to a reduction in the surface concentration of Ru. The XPS
region profiles help confirm the initial oxidation state of the elements of fresh samples before their exposure
to a reducing/oxidizing environment
5.3.1.5 CO DRIFTS Study
The spectra obtained from CO adsorption carried out at room temperature over select catalyst
samples are shown in Figure 5.11, Tables 5.2 and 5.3. Peaks at 1304 (carbonates), 1351 (bidentate
carbonates) , 1445 (unidentate carbonates), 1503 and 1617 cm-1 (carbonates) were observed in the spectra
for the 0.16Ru/CZO sample (Figure 5.11A). The formation of carbonates is a result of the interaction of
CO with the surface oxygen species in the ceria-zirconia support [194] and the interaction of the CO2
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formed from CO disproportionation with the catalyst basic sites[270]. In the case of 0.16Ru/CZO, the
oxygen species is from ceria. Only two carbonate peaks at 1292 cm-1 and 1571 cm-1 were present in the 0.16
Ru-1.4Ni-CZO sample and this indicates that there are fewer O2- sites for CO adsorption due to the close
interaction of NiO with surface lattice oxygen. The peaks observed for the 0.08Ru-NiMg/CZO were at
1324, 1475, 1573, and 1635cm-1. The peak around 1635 cm-1 was absent in the 0.16Ru-NiMg/CZO and
0.16Ru-NiMg/CZO samples while the other peaks shifted to lower wavenumbers with increasing Ru
loading. Peaks representative of linearly bound carbonyl species on Ru metals could also be seen in the
0.16Ru-CZO and 0.16Ru-Ni/CZO samples at around 2056 ℃. These peaks were absent in the Ru-Ni-Mg
samples (Figure 5.11B) and this is in agreement with what was reported by Ferreira-Aparicio [166]. The
results from the CO DRIFTS study are in agreement with those obtained from the Pulse CO Chemisorption
experiments which showed lower CO uptakes for the Ru-NiMg/CZO samples in comparison to the
monometallic 0.16Ru/CZO and bimetallic 0.16Ru-NiMg/CZO sample (Table 5.4). The lower CO Uptake
values of the Ru-NiMg/CZO is due to a lower amount of reduced NiO on the catalyst surface as a result of
the strong interaction between Ni and Mg.
5.3.2 Reaction Results
5.3.2.1 Temperature-programmed Reaction
Figure 5.12 presents the 10 % CH4 and CO2 conversion temperatures obtained temperatureprogrammed result experiment conducted between 200 – 900 ℃. The ceria-zirconia support showed no
activity at low-temperature conditions with 10 % CH4 conversion and CO2 conversions only obtainable at
828 and 787 ℃ respectively. The 10 % reactants’ conversion temperatures reduced with the addition of Ni
and Mg (NiMg/CZO (no Ru present)), reduction to 807 ℃ for CH4 and 769 ℃ for CO2 (Figure 5.12 and
Table 5.5). The addition of 0.02 wt%Ru to Ni-Mg-CZO caused a further reduction in the 10 % conversion
temperatures.
The decrease in conversion temperatures with increasing Ru loading was consistent with a further
increase in Ru loading to 0.08wt% Ru, 0.16wt% Ru, and 0.32wt% Ru. The H2/CO molar ratios obtained
over the tested samples at 450 ℃ are shown in Table 5.5. Due to samples' inactivity with a 0.04wt% or
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lesser amount of Ru at this temperature condition, no H2:CO value was reported due to no H2 or CO
formation at this temperature condition (below the instrument detection limit, if any). It was also observed
that the effect of conversion temperature changes with change in Ru amount became less significant
between 0.08wt% Ru, and there were minimal changes in the conversion temperatures reported for both
the 0.16Ru-NiMg/CZO and 0.32Ru-NiMg/CZO samples. Additionally, the CO2 conversions were higher
than the CH4 conversion indicating the occurrence of the reverse water gas shift reaction which is an
expected side reaction during dry reforming. The increase in catalytic activity with an increase in Ru loading
is because of a combined effect of additional active and enhanced reducibility.
5.3.2.2 Steady-state Reaction
Following the samples' performance in the temperature-programmed reaction study (Figure 5.12
and Table 5.5) which was conducted as screening experiments for selection of samples with lowtemperature dry reforming activity. Down selected samples (0.08Ru-NiMg/CZO, 0.16Ru-NiMg/CZO and
0.32Ru-NiMg/CZO) samples were tested in steady-state experiments at a temperature between 450 – 510
℃ and at an increased WHSV of ~131300 cm3/h/g ((4x higher than in section 5.3.2.1). At 450 ℃ and
WHSV of ~35200 cm3/h/g samples with lower Ru loading (lower than 0.08 wt% Ru) showed no reforming
activity. The results obtained from the steady-state experiment conducted between 470-510 ℃ and a lower
WHSV of 8800 cm3/h/g are shown in Figure 5.13, the CH4 and CO2 conversions at 510 ℃ which initially
was at ~6 and ~ 9 % decreased rapidly in less than 30 min. Also, no CH 4 conversion was indicated was
obtained at 490 and 470 ℃ and this indicates the poor catalytic activity of 0.04Ru-NiMg/CZO.
The CH4 and CO2 conversions obtained from the samples with higher Ru loading (0.08 wt% -0.32
wt%) are presented in Tables 5.6 and 5.7. Both CH4 and CO2 conversion increased with increasing
temperature (450-510 ℃) over the individual catalyst samples as expected owing to the endothermicity of
dry reforming. The CO2 conversions were also higher than the CH4 conversions because of the occurrence
of reverse water gas shift (RWGS) reaction which occurred because of the low-temperature condition used
for the steady-state experiments. The H2/CO molar ratios obtained which were below 1 (Figure 5.16) are
also due to occurrence of the RWGS reaction. Figure 5.14 shows the CH4 reaction rates, CO2 reaction rates,
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and TOF obtained at 470 ℃ with the 0.08Ru-NiMg/CZO, 0.16Ru-NiMg/CZO and 0.32Ru-NiMg/CZO
samples. Both CH4 and CO2 reaction rates were highest in the 0.32Ru-NiMg/CZO sample. The TOF values
for 0.08Ru-NiMg/CZO, 0.16Ru-NiMg/CZO, and 0.32Ru-NiMg/CZO were 1.9, 6.6, and 1.4 s-1 respectively.
The TOF results indicate that the catalyst activity based on the number of active sites is highest in 0.16RuNiMg/CZO. Figure 5.15 shows the obtained reaction rates which also increased with increase in reaction
temperature from 450 -510 ℃.
5.3.3 Effect of Reduction Condition
The effect of pretreatment condition, particularly reduction temperature was also conducted by
increasing the catalyst reduction temperature (from 300-400 ℃) before exposure to reforming condition.
The reaction rates of samples with notation ending with R400 in Figure 5.15 belong to the samples reduced
at 400 ℃. Figure 5.15A shows that for the 0.08Ru-NiMg/CZO sample, the CH4 and CO2 reaction rates
increased with increasing the reduction temperature from 300 to 400 ℃, and this could be explained with
a higher fraction of active Ni metallic sites for dissociation of reactants at a higher reduction temperature.
Conversely, the reaction rates of 0.16Ru-NiMg/CZO (Figure 5.15B) and 0.32Ru-NiMg/CZO (Figure
5.15C) decreased with an increase in reduction from 300 to 400 ℃, and this may be due to particle
agglomeration at a higher reduction temperature of 400 ℃. Apparent activation energies for both CH4 and
CO2 were calculated using the reaction rates values shown in Figure 5.15, these values and those previously
reported in literature are presented in Table 5.8. The CO2 activation energy values were lower than CH4 due
to both the dry reforming and reverse water gas shift reaction pathways exiting for CO2 [116] and the
changing the reduction temperature also influenced the activation energy values that were obtained. It is
also noteworthy to mention that the apparent activation energy for 0.16Ru-1.4Ni-1.0Mg-CZO was low in
comparison to those obtained from our previous studies using similar loadings of Pt [116, 209] showing the
possibility of developing a cost-effective catalyst with comparable or better activity.
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5.3.4 In situ DRIFTS Study with 0.32Ru-NiMg/CZO
The results obtained from the in-situ CO2 adsorption study conducted at 400 ℃ are shown in Figure
5.17. After the initial few minutes of introducing CO2 gas over the catalyst surface, three vibration bands
were observed at 2360, 1549, and 1352 cm-1. The band at 2360 cm-1 is for CO2 gas, the band at 1549 cm-1
which shifted to a lower wavenumber of 1536 cm-1 after 60 min of CO2 flow can be attributed to
monodentate carbonates [238] and the last band which was observed at 1352 was due to the formation of
bidentate carbonate species [164]. The results indicate that the most prominent surface reaction taking place
on the catalyst surface is the direct adsorption of CO2 and subsequent reaction with surface oxygen to form
carbonate species. The bands indicate the formation of CO gas from CO2 dissociation (if present) could not
be identified due to a change in the spectra baseline upon introduction of CO2. To evaluate how the presence
of a second reactant (CH4) would influence the surface reaction, CH4/CO2 switching experiment was also
conducted at the same temperature condition of 400 ℃ and the results are presented in Figure 5.18. Similar
bands to those present from the CO2 adsorption study (Figure 5.17) after the first CO2 flow cycle. Upon
introduction of CH4 gas, the bands belonging to CO2 gas decreased in intensity and disappeared completely
after 10 min of CH4 flow. At 10 min of CH4 flow, in addition to the presence of bands belonging to CH4, a
small band belonging to CO gas and carbonyl species (2105 cm-1, 1951 cm-1, and 1868 cm-1) observed in
the obtained IR spectra.
The results for the CH4 reforming experiment DRIFTS study are shown in Figure 5.19. The band
for gas-phase CO2 was observed at 2359 cm-1 [271] and gas-phase CH4 band was observed at 3017 cm-1
[271], bidentate carbonate; which was present at 1584, 1578, and 1566 at 350, 400, and 450 ℃ respectively
[168, 237] and bands belonging to formate species were observed at 1338 cm-1 [271]. The band at 2010 cm1

can be ascribed to linearly adsorbed CO species on the Ru metallic sites or Ni metallic sites. It is

noteworthy to mention that no such band was observed in spectra obtained from the CO adsorption study
(Figure 5.11).

110

5.3.5 Time on Stream (TOS) Study and Post-reaction Characterization
The following down selected catalysts (0.08Ru-NiMg/CZO, 0.16Ru-NiMg/CZO, and 0.32RuNiMg/CZO tested in steady-state experiments (450-510 ℃) were further exposed to dry reforming
conditions at 450 C for 20 h. Following the 20 h TOS experiment, the samples were characterized using
Raman spectroscopy analysis and the results are shown in Figure 5.20. The absence of both G bands for
graphitic carbon at 1601 cm-1 and D bands for at 1312 cm−1[36, 272] indicates that very negligible or no
carbon was deposited on the samples. To further confirm the catalyst stability, an additional 20h run of dry
reforming experiment was conducted with 0.32Ru-NiMg/CZO, and both the CH4 and CO2 conversions
were relatively stable for the entire duration of the experiment (Figure 5.21). The temperature-programmed
oxidation (TPO) profile of the sample shown in Figure 5.22 indicates that only a negligible amount of
carbon was deposited during the experiment ( Table 5.9). Some of the peak areas were below 200 ℃, a
temperature condition that does not favor the oxidation of deposited carbon. It is more likely that the CO 2
peak below 200 ℃ due to physisorbed CO2. The coke formation rate of 0.32Ru-14Ni-1.0Mg did not change
at a higher reduction temperature of 400 ℃ (Table 5.9), indicating that changing the reduction temperature
from 300 – 400 ℃ did not affect the rate of carbon deposition. Also, the amount of coke deposited on
0.32Ru-1.4Ni-CZO is significantly lower than those reported in Table 5.9.
5.5 Conclusion
The results obtained from the dry reforming studies performed with Ru-Ni-Mg/ceria-zirconia
catalysts are presented in this paper. The surface ceria’s reducibility of the Ru-Ni-Mg-CZO samples
increased with increasing Ru loadings. The comparison of the reduction profiles showed that NiO-MgO
interactions influence the reducibility of NiO. TPR experiments that characterized the reducibility indicated
an interaction between the Ru and Ni in the bimetallic samples. The reduction of NiO at lower temperatures
in the presence of Ru shows that the metal-support interaction between NiO and CZO was weakened by
Ru. It was observed from the temperature programmed experiments conducted with the Ru-Ni-Mg-CZO
samples at temperatures between 200-450 ℃ that the CH4 and CO2 conversions increased with increasing
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Ru loadings. Steady state experiments conducted with select Ru-Ni-Mg-CZO samples ( 0.08- 0.32 wt%
Ru) showed dry reforming activity between 450 – 510 ℃, and this indicates that Pt can be replaced with a
less expensive metal Ru. The samples studied in this paper are not active at low temperature conditions at
Ru loadings below 0.08wt% Ru. Finally, changing the pretreatment temperature from 300 – 400 ℃
increased the activity of the sample with lower Ru loading (0.08 wt % Ru) while the oppositive effect was
observed in the samples with higher loadings (0.16 wt and 0.32 wt% Ru). The observed changes are as a
result of increase in available active metal sites in the case of 0.08Ru-1.4Ni-1.0Mg-CZO sample and
particle agglomeration at higher Ru loadings.
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Figure 5.1 Characterization of fresh samples. A. Pore size distribution of fresh catalyst samples. B. Raman
spectra of fresh catalyst samples. C. Powder X-ray diffraction patterns of fresh catalyst samples

Table 5.1 Pore structure parameters of fresh catalyst samples
Sample

Notation

Ce0.6Zr0.4O2 [209]

CZO

0.02wt%Ru-1.4wt%Ni1.0wt%Mg/Ce0.6Zr0.4O2
0.04wt%Ru-1.4wt%Ni1.0wt%Mg/Ce0.6Zr0.4O2
0.08wt%Ru-1.4wt%Ni1.0wt%Mg/Ce0.6Zr0.4O2
0.16wt%Ru-1.4wt%Ni1.0wt%Mg/Ce0.6Zr0.4O2
0.32wt%Ru-1.4wt%Ni1.0wt%Mg/Ce0.6Zr0.4O2

0.02RuNiMg/CZO
0.04RuNiMg/CZO
0.08RuNiMg/CZO
0.16RuNiMg/CZO
0.32RuNiMg/CZO

Surface
area
(m2/g)
45

Pore
volume
(cm3/g)
0.10

Avg. pore
diameter
(nm)
8.3

28.8

0.06

8.4

27.0

0.06

8.4

30.7

0.06

8.5

29.0

0.06

8.7

21.8

0.05

9.8

113

Figure 5.2 TEM micrographs of 0.32Ru-NiMg/CZO sample. (a-b) TEM images of 0.32Ru-NiMg/CZO, (cd) HRTEM images (resolution: 2 nm) of 0.32Ru-NiMg/CZO, e) EDS line scan result
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Figure 5.3 Temperature-programmed reduction profiles of catalyst samples. A. Comparison of the reduction
profiles obtained from 1.4Ni-1.0Mg-CZO (NiMg/CZO), 0.16Ru/CZO, 0.16Ru-1.4Ni-CZO (0.16RuNi/CZO) & 0.16-1.4Ni-1.0Mg-CZO (0.16Ru-NiMg/CZO). B. Comparison of the reduction profiles of NiMg-CZO samples promoted with different Ru amounts.

Figure 5.4 C 1s region profiles of fresh 0.16Ru/CZO, 0.16Ru-Ni/CZO and 0.16Ru-NiMg/CZO samples

Figure 5.5 Ni 2p region profiles of fresh 0.16Ru-Ni/CZO and 0.16Ru-NiMg/CZO samples
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Figure 5.6 Mg 1s region profile of fresh 0.16Ru-NiMg/CZO sample

Figure 5.7 O 1s region profiles of fresh 0.16Ru/CZO, 0.16Ru-Ni/CZO and 0.16Ru-NiMg/CZO samples

Figure 5.8 Ce 3d region profiles of fresh 0.16Ru/CZO, 0.16Ru-Ni/CZO and 0.16Ru-NiMg/CZO samples
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Figure 5.9 Ru 3d region profile of fresh 0.16Ru/CZO sample

Figure 5.10 Zr 3d region profiles of fresh 0.16Ru/CZO, 0.16Ru-Ni/CZO and 0.16Ru-NiMg/CZO samples

Figure 5.11 IR spectra obtained during CO adsorption conducted at room temperature. Sample reduced at
300 ℃ A) 0.16Ru/CZO, 0.16Ru-Ni/CZO and 0.16Ru-NiMg/CZO, B) 0.08Ru-NiMg/CZO, 0.16RuNiMg/CZO and 0.32Ru-NiMg/CZO
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Table 5.2 Peak assignments of the IR spectra obtained during CO adsorption conducted at room
temperature. Sample reduced at 300 ℃ (0.16Ru/CZO, 0.16Ru-Ni/CZO and 0.16Ru-NiMg/CZO.
0.16Ru/CZO Band
assignments
from
previous
literature
1979

1617

1496

1348

1282

1029

0.16RuNi/CZO

0.16RuPeak assignments
NiMg/CZO from
previous
literature

1572

1567

Hydrogen
1288
carbonates
(1629)[273];
(1613)[237]
Monodentate 1051
carbonate
(1500) [273]
Monodentate
carbonates
(1350)[273];
(1351)[237]
Bidentate
carbonates
(1289)[237],
Hydrogen
carbonates
(1025) [237]

Bidentate
1499
carbonates
(1289)[237],
Hydrogen
carbonates
(1045)[237]

Bidentate
carbonate (1570)
[273];(1567)[237]

1327
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Table 5.3 Peak assignments of the IR spectra obtained during CO adsorption conducted at room
temperature. Sample reduced at 300 ℃ (0.08Ru-NiMg/CZO, 0.16Ru-NiMg/CZO and 0.32Ru-NiMg/CZO)
0.08RuNiMg/CZO
1569

0.16RuNiMg/CZO
1567

0.32RuNiMg/CZO
1563

Peak assignment

1479

1493-1464

1493-1464

1324

1327

1318

Monodentate carbonate
(1500) [273]
1300-1360 symmetric
stretching of bidentate
carbonate [168]

Bidentate carbonate
(1567) [237]

Table 5.4 CO uptake values obtained from CO pulse chemisorption. Samples reduced at 300 ℃
CO uptake
(µmol/gcat)

Sample
CZO
0.16Ru/CZO
NiMg/CZO
0.16Ru-Ni/CZO
0.04Ru-NiMg/CZO
0.08Ru-NiMg/CZO
0.16Ru-NiMg/CZO
0.32Ru-NiMg/CZO

0.9
21.8
4.2
28.4
2
2.6
1.7
8

Table 5.5 10 and 50 % reactant conversion temperatures obtained from temperature-programmed
experiments

CZO
1.4Ni-1.0Mg-CZO

X10CH4
Temp.
(oC)
828
807

-

X10CO2
Temp.
(oC)
787
769

0.02Ru-NiMg/CZO

803

-

770

891

0.04Ru-NiMg/CZO

618

770

594

737

0.08Ru-NiMg/CZO

455

579

449

581

0.16Ru-NiMg/CZO

446

581

438

564

0.32Ru-NiMg/CZO

442

580

434

583

0.16Ru/CZO

460

583

451

569

Sample

X50CH4
Temp. (oC)

X50CO2
Temp. (°C)
-

H2:CO
@
450°C
0.41
0.45
0.44
0.45
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Figure 5.12 10% CH4 and CO2 conversion temperatures obtained from temperature-programmed reaction
experiments. Sample mass: ~75 mg

Figure 5.13 Steady-state reaction results obtained with 0.04Ru-NiMg/CZO (mass of sample: 300.2 mg).
Notes: 300.2 mg of sample was used because no conversion was obtained between 510 -450 ℃ when the
similar reaction with the following mass of the same samples( 40 and 100.1 mg)
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Table 5.6 CH4 conversion results obtained from steady-state experiments conducted between 450 and 510
℃. R300-samples reduced at 300 ℃, R400-samples reduced at 400 ℃
Methane conversion (%)
Temperature (℃)
Equilibrium
0.08Ru-NiMg/CZO-R300
0.08Ru-NiMg/CZO-R400
0.16Ru-NiMg/CZO-R300
0.16Ru-NiMg/CZO-R400
0.32Ru-NiMg/CZO-R300
0.32Ru-NiMg/CZO-R400

510
36
9.9
12
17
13
18
15

490
29
7.4
8.9
13
9.5
14
11

470
23
4.7
5.8
10
6.4
11
7.2

450
18
3.2
3.5
8.2
4.2
7.9
4.2

Table 5.7 CO2 conversion results obtained from steady-state experiments conducted between 450 and 510
℃. R300-samples reduced at 300 ℃, R400-samples reduced at 400 ℃

Carbon dioxide conversion (%)
Temperature (℃)
510
Equilibrium
0.08Ru-NiMg/CZO-R300
0.08Ru-NiMg/CZO-R400
0.16Ru-NiMg/CZO-R300
0.16Ru-NiMg/CZO-R400
0.32Ru-NiMg/CZO-R300
0.32Ru-NiMg/CZO-R400

45
13
17
19
17
22
21

490

470

450

37
10
14
16
13
18
16

30
7.1
10
13
10
14
12

25
4.9
7.2
10
7.6
11
7.7

Figure 5.14 CH4 reaction rates, CO2 reaction rates and TOF obtained from steady state experiment
conducted at 470 ℃. Sample reduced at 300 ℃

121

Figure 5.15 CH4 and CO2 reaction rates obtained from the steady-state reaction experiments for samples
reduced at 300 ℃ and 400 ℃. P=1 atm, Gas mixture: CH4/CO2/He =3.08/3.08/37.84 SCCM. A) 0.08RuNiMg/CZO, B) 0.16Ru-NiMg/CZO and C) 0.32Ru-NiMg/CZO
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Figure 5.16 H2/CO molar ratios obtained from steady-state experiments. A. CH4 Conversion, B. CO2
conversion. Gas mixture: (CH4/CO2/He =3.08/3.08/37.84 SCCM)
Table 5.8 Apparent activation energy values from this study and previous works

Catalyst Sample
0.08Ru-NiMg/CZO-R300
0.08Ru-NiMg/CZO-R400
0.16Ru-NiMg/CZO-R300
0.16Ru-NiMg/CZO-R400
0.32Ru-NiMg/CZO-R300
0.32Ru-NiMg/CZO-R400

Apparent activation
energy (kcal/mol)
CH4
CO2
21.7
18.3
23.5
16.6
12.9
11.9
20.6
14.9
15.2
12.5
25.6
19.6

0.16Pt-1.4Ni-1.0Mg-CZO
0.16Pt-2.7Ni-0.50Mg-CZO
Rh (0.6%)/La2O3

18.5
23.5
12.7

14.8
17.4
13.0

1wt%Pt/α-Al2O3
0.5wt%Rh/α-Al2O3- (La2O3-BaO)
LaAl0.98Ru0.02O3-δ
0.95wt%Pt/8.28%Zr/Al2O3
0.85wt%Pt/19.1%Zr/Al2O3
0.86wt%Pt/Al2O3
0.14Ru/MgAl2O4-IWI
0.15Ru/MgAl2O4-PVD

24.7
22.1
20.6
14.8
16.2
22.5
49.9
30.9

19.7
19.3
17.2
14.1
15.2
20.2
-

Temperature
(℃)
450 -510
450 -510
450 -510
450 -510
450 -510
450 -510
430-470

References

430-470
500-600
368-462

This work
This work
This work
This work
This work
This work
[116] (Previous
study)
[209]
[274]
[241]

368-468
400-550
460-550
460-550
460-550
700-850
700-850

[241]
[275]
[276]
[276]
[276]
[242]
[242]
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Figure 5.17 IR spectra obtained from CO2 adsorption conducted at 400 ℃. (0.32Ru-NiMg/CZO sample
reduced at 300 ℃)

Figure 5.18 IR spectra obtained from CH4-CO2 switching experiment conducted at 400 ℃. (0.32RuNiMg/CZO sample reduced at 300 ℃)
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Figure 5.19 IR spectra obtained during dry reforming experiment conducted at 400 ℃ with the 0.32RuNiMg/CZO sample.(Sample reduced at 300 ℃)

Figure 5.20 Raman spectra comparing fresh and spent samples obtained after 20 h of dry reforming
experiment at 450 ℃. A) Fresh and spent 0.08Ru-NiMg/CZO samples, B) Fresh and spent 0.16RuNiMg/CZO samples and C)Fresh and spent 0.32Ru-NiMg/CZO samples

125

Figure 5.21 20 h TOS dry reforming experiment conducted at 450 ℃
Table 5.9 Coke formation rates

Catalyst
0.32RuNiMg/CZO (R300)
0.32RuNiMg/CZO (R400)
0.16Pt-2.7Ni-CZO
Ru-Ni/MgAl2O4
Ni/γAl2O3

Reaction
Temperature
conditions (℃)

Average
coking rate
(g/gcat.h)

Reference

450

6.2E-5

This work

450
430
750
800

6.1E-5
5.5E-4
2.3E-3
1.4E-3

This work
[209]
[277]
[249]

Figure 5.22 Comparison of the temperature programmed oxidation profiles of spent samples. (0.32RuNiMg/CZO-R300 and 0.32Ru-NiMg/CZO-R400 samples).
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Chapter 6: Conclusion and Future Work
6.1 Summary
This dissertation provides much detail on the development of suitable low temperature reforming
catalysts for dry reforming application, focusing on the role of the catalyst components and how catalyst
structural properties influence catalytic activity. The first chapter of this dissertation work provided a
succinct literature review of reforming applications; catalyst systems used in reforming applications their
preparation methods. A brief overview of some of the standard characterization techniques were also
discussed and dissertation overview was also provided in Chapter 1.
The results from the evaluation of the isolated effects of Ni and Mg on a series of Pt/Ce0.6Zr0.4O2
were presented in Chapter 2. It was observed that that the reducibility of the Pt-Ni-CZO samples increased
with Ni loadings, while an increasing addition of Mg in the Pt-Mg samples led to a reduction in sample
reducibility. Comparing the sample reducibility results and catalyst performance tests established a direct
relationship between sample reducibility and activity. The coke formation study also confirmed the
necessity of Mg addition to ensuring a more stable catalyst system. The performance test done with the
2.7Ni-0.50Mg-CZO sample confirmed that both Ni and Mg are needed to obtain a balance between catalyst
activity and stability. The work presented in Chapter 2 provided information on the role of individual
catalyst components.
Impregnating the samples simultaneously or sequentially resulted in changes in the catalyst
properties as evidenced by the temperature-programmed reduction profile, in-situ CO2 DRIFTS
measurements, and temperature-programmed oxidation results shown in Chapter 3. These observed
property changes result from a difference in the metal-metal and metal-support interaction, which
influenced the rate of H2 spillover from the active metals to ceria during reduction and availability of surface
oxygen species for re-oxidation of deposited carbon. The catalyst samples' activity in both CH4
127

decomposition and dry reforming experiments was influenced by the metal deposition method. The work
presented in Chapter 2 provided information on the better approach for metal impregnation during catalyst
preparation.
Ceria-zirconia supported monometallic, and bimetallic Fe and Ni samples promoted with Co and
Pt were synthesized using the incipient wetness method. The samples’ crystallinity was characterized using
PXRD and Raman spectroscopy. The addition of Pt to monometallic 1.4wtFe-1.0Mg-CZO led to a
reduction in the surface ceria's reduction temperature. The reactant conversion of the Pt-Fe-Mg-CZO
samples increased with an increase in Fe loading (1.4 wt% to 5 wt%) and sample pretreatment temperature.
The samples pretreated at the lower temperature (300 ℃) gave the highest CH4 and CO2 conversions. The
decrease in the reactants’ conversion temperatures with increasing Fe loads could indicate the encapsulation
of the Pt with Fe and that the catalyst surface resembles that of an unpromoted Fe-Mg-sample with an
increasing no of Fe atoms.
The promotional effect of Co (0.16 and 0.32 wt %) on the 1.4Ni-Mg-CZO sample was also studied,
and it was observed that the bimetallic samples (0.16Co-1.4Ni-1.0MgCZO and 0.32Co-1.4Ni-1.0Mg-CZO)
samples performed better than the monometallic samples (0.16Co and 0.32Co-CZO) and the control sample
(1.4Ni-1.0Mg-CZO). The results obtained from the bimetallic samples (0.16Co-1.4Ni-1.0MgCZO and
0.32Co-1.4Ni-1.0Mg-CZO) also showed the possibility of using a non-noble metal catalyst system for low
temperature dry reforming experiments. These samples were active at 450 ℃ and were relatively stable for
the 10 h TOS stream.
A series of Ni (1.4wt%)-Mg (1.0wt%)-Ce0.6Zr0.4O2(CZO) samples promoted with Ru (0.16-0.32
wt%) were synthesized using the incipient wetness method. The catalysts' reducibility was found to increase
with increasing Ru content, and the low reduction temperatures were between 163 and 205 ℃. N 2
physisorption analysis revealed the materials were mesoporous with a specific surface area between 29.1
and 42 m2/g. Diffraction patterns ascribed to the cubic-fluorite structure were found from the Powder Xray diffraction. This result was supported by the Raman spectra, which showed peaks belonging to the F2g
bands of ceria. In-situ CO DRIFTS measurements presented bands for linear CO adsorption on Ru metal,
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and the formation of carbonate and formate species. The activity of the materials for dry-reforming was
evaluated using temperature-programmed and steady-state experiments. The reactants’ conversions
increased with increasing Ru loading. Changes in conversion rates and apparent activation energies were
observed by increasing the reduction temperature from 300 to 400 ℃. The results obtained indicate that Ru
is a suitable replacement for Pt and provides insights into impact of reduction treatment, metal loadings,
and metal-metal interactions on the catalyst performance.
6.2 Conclusions
The results presented in this dissertation work strongly indicate that active metals and promoters'
selection plays a significant role in reactant conversion, product selectivity (H2/CO molar ratios), and the
coke formation tendency. Mg playing a functional role in the oxidation of carbon formed during the
reforming experiment prompted its usage in all the catalyst combinations evaluated for dry reforming in
this dissertation work. Ni and Fe were selected as active metals because of their low cost and availability,
and Ni was found to be a better active metal from a comparison of the methane and carbon dioxide
conversions of the benchmark catalysts (1.4Ni-1.0Mg-CZO and 1.4Fe-1.0Mg-CZO).
The performance of 1.4Ni-1.0Mg-CZO can be significantly improved using very small loadings of
both noble (Ru, Pt) and non-noble metal promoters (Co). Although more expensive, using Ru will result in
much lower coke deposition than Co, while using Pt results in no carbon deposition even with a higher Ni
loading of 2.7 wt%. This indicates that careful consideration into the interactions between the metals and
the promoters should be given during the catalyst design should be carried out. Different catalytic activity
was also obtained using the same noble metal (Pt) promoter for two different transition metals (Fe & Ni)
based samples. Pt-Ni-Mg performed better than Pt-Fe-loading even at higher Fe loadings. This, therefore,
confirms that Fe is a poor active metal choice and especially for low-temperature reforming conditions
which was the focus of this work.
The metal deposition method is another factor that was found to influence the catalyst structure and
catalyst performance. Differences in sample reducibility, metal dispersion, and sample basicity were
observed from changing the metal deposition method. These observed effects also varied with different
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catalyst systems. For the bimetallic Pt-Ni-CZO catalyst systems, the co-impregnation method can be
selected over the sequential impregnation method because of reduction in sample preparation time, while
the sequential impregnation method is the ideal choice for Pt-Mg-CZO catalyst systems.
Catalyst pretreatment involving a reduction in hydrogen gas mixture before the reforming reaction
influences the catalytic activity. The evaluation of the effect of pretreatment condition on the catalytic
performance indicated that increasing the catalyst samples' reduction temperature had a hindering effect on
catalytic performance leading to a reduction in catalytic activity. The increase in activation temperature led
to particle agglomeration. Lastly, increasing the catalysts' active metal content can cause either an increase
or decrease in catalytic activity. In situations where there was an observed increase in reactant conversion,
a loading amount was reached beyond which a further increase in metal content did not influence the
catalyst performance
Overall, some compromise must be reached between metal cost and the desired catalytic activity,
product selectivity, and stability. Doing this may result in have complex catalyst systems having active
metals and two promoters. Such complexity would further result in difficulty in having a more detailed
understanding of what reaction occurs on the catalyst surface.
6.3 Future Work
This dissertation work has established the possibility of some of the studied catalyst samples for
low temperature (430 – 450 ℃) dry reforming applications. Further related research work to this
dissertation would involve the use of improved synthesis method for the development of highly active and
stable dry reforming catalysts. This would involve the synthesis of polyvinylpyrrolidone (PVP) stabilized
Pt and Ru nanoparticles using colloidal reduction of their corresponding metal precursors with low boiling
alcohol (methanol). Synthesis of stabilized nanoparticles would ensure the formation of well-controlled
sized nanoparticles with much narrower size distribution. The stabilization of nanoparticles could also
hinder the agglomeration of particle size, the formation of clusters and therefore exposing a higher fraction
of the particle surface to the reactants leading to a higher metal dispersion and turnover frequency. A
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combination of chemical washing and fast thermal treatments (500 ℃ for 30 sec, 60 min & 10min) would
be employed as a treatment procedure for these stabilized materials.
The dependence of controlled metal particle size on the catalyst performance would be evaluated
using temperature-programmed and steady-state dry reforming experiment. Control of dry reforming
experiment without prior reduction of the sample would be performed to check the necessity of prior
reduction of the catalyst samples before reforming, particularly if XPS confirms the sample to be in a zerovalence state (active phase). The catalytic performance of the PVP stabilized nanoparticles would also be
compared to those of the samples prepared by impregnation of an aqueous solution of the metal precursor
salt.
The synthesis of metal particles with controlled sizes would provide insight into the sensitivity of
the reaction rates and TOFs to the metal particle size and how the presence of organic capping agents and
residual decomposition products influence the reaction rates. It contributes further to the application of well
controlled particle size to dry reforming condition. Having a narrow distribution in the metal size particles
allow for a better and more reliable judgment in the dependence of reaction rate on metal particle size. This
chapter’s work would provide insights on the extent to which controlling the metal particle size of very low
metal loadings could impact metal dispersion, TOF, and activity and stability.
Another future direction of this research work is the use of in situ characterizations such as in situ
pulse DRIFTS studies, in situ XRD , in situ X-ray absorption fine structure (XAFS) and in situ XPS to
obtain a relationship between catalyst structure and activity on a fundamental level. This will be done in
conjunction with reaction kinetics experiments and DFT kinetic models. In situ XAFS will be particularly
useful as a direct characterization of the very small loadings of metals used in this research work. Finally,
the effect of the reforming environment on the coke formation tendency on the catalyst samples and more
detailed study of the coke formation mechanism on the select catalyst samples used in this dissertation will
be useful in future catalyst design.
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